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PREFACE
I first joined the Schoech Lab at the University of Memphis as a Master’s student
interested in nestling development. As I approached the end of my degree, I had
developed many new questions and had an enthusiasm for pursuing my research further
so I applied to continue in the lab as a PhD student. With the Florida scrub-jay as a study
species, I was able to investigate early effects of environment during development and to
track individuals into adulthood to determine how these early experiences impacted their
adult behavior and physiology. The results of this research are detailed within this
dissertation, which contains an introductory chapter, four research chapters written as
separate manuscripts, and a concluding chapter. I am the primary author on each of the
co-authored manuscripts, which are either in review or will soon be submitted to journals
for publication.
Chapter 1, the introduction, and Chapter 5, the conclusion, have been formatted
based on the guidelines for the scientific journal, Hormones and Behavior. Chapter 2,
“Influence of corticosterone treatment on nestling begging in Florida scrub-jays
(Aphelocoma coerulescens)”, is under revision at the journal, General and Comparative
Endocrinology. Chapter 3, “Nestling corticosterone levels are related to adult
provisioning rates in Florida scrub-jays (Aphelocoma coerulescens)” is ready to be
submitted to the journal Hormones and Behavior. Chapter 4 “Nestling behavior and
growth predict future stress responsiveness of individual Florida scrub-jays” has been
formatted based on guidelines for the journal Behavioral Ecology and Sociobiology.
Chapter 5 “Developmental corticosterone treatment influences future phenotype in
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Florida scrub-jays” has been formatted based on the guidelines for General and
Comparative Endocrinology and will be submitted for review soon.
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ABSTRACT
Elderbrock, Emily Kate. Ph.D. The University of Memphis. May 2017. Early
environmental effects on nestling behavior, physiology, and future adult phenotype of the
Florida scrub-jay (Aphelocoma coerulescens). Major Professor: Dr. Stephan J. Schoech,
Ph.D.
Developing young are exposed to many factors that influence behavior and
physiology. During development, circulating hormones, such as the metabolic hormone
corticosterone (CORT) can have organizational effects on the central nervous system that
may determine a fixed adult behavioral and physiological phenotype. The main
objectives of this research were to determine whether environmental and physiological
factors 1) influence variation in nestling behavior and physiology and 2) contribute to the
development of the adult physiological and behavioral phenotype in a free-living avian
model, the Florida scrub-jay (Aphelocoma coerulescens).
I investigated the short-term effects of CORT exposure on growth and begging
behavior by manipulating CORT levels in nestlings by feeding individuals a CORTinjected waxworm. I determined that exposure to increased CORT did not alter begging
rate of the treated individual relative to its siblings, but instead increased the begging rate
of all nestlings within a treatment nest whether they received the treatment or not. I then
investigated whether nestling CORT levels were altered by parental provisioning and
found that nestlings that were fed more frequently and more recently prior to sampling
collection had higher CORT.
To determine whether developmental CORT exposure had long-term effects on
neophobia and stress responsiveness at one year-of-age, I tested all individuals to assess
their degree of neophobia by placing a novel object in their home territory and recording
their behavior. I also trapped and collected blood samples from all individuals to
vi

determine their degree of stress responsiveness to a standardized capture and restraint
test. My results revealed that CORT-treated individuals had lower baseline CORT levels,
but higher stress responsiveness at one year-of-age. Treatment had no detectable effect on
neophobia. I also determined that there exists a relationship between begging behavior
and an individual’s future physiological stress response. Together, these results indicate
that many factors during development may influence the behavior and CORT levels of
individual nestlings, including adult provisioning and sibling interactions. Further, these
developmental experiences may have long-term effects on the physiological stress
response of Florida scrub-jays. Increased understanding of the long-term impacts of early
experience on an animal may facilitate future conservation efforts of many species.
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CHAPTER 1: INTRODUCTION
The ability to respond to and recover from a stressor is essential for an
individual’s survival. Stressors range from extremes in weather to interactions with
conspecifics or predators. When an organism perceives a stressor, a hypothalamicpituitary-adrenal (HPA) axis cascade is initiated which results in the release of
glucocorticoids from the adrenal cortex (Nelson, 2005). Stress-induced glucocorticoid
secretion facilitates response to the stressor through a number of actions, including
increased glucose production, and in concert with catecholamine’s, increased blood flow
to necessary tissues (e.g., skeletal muscles; Wingfield, 2005). The avian glucocorticoid,
corticosterone (CORT), is also essential for normal developmental processes and baseline
CORT levels reflect low-level secretion that may fluctuate with nutritional or health state
and with circadian and circannual rhythms (Reeder & Kramer, 2005). CORT secretion is
therefore necessary for essential physiological functions, as well as for responding to a
stressor (Breuner, 2008).
In several species, the properties of an individual’s physiological stress response
are repeatable over time, suggesting that it is an established phenotype of an individual
(Cockrem et al., 2009; Small & Schoech, 2015). These varying phenotypes may influence
how an individual interacts with its environment, thus impacting reproductive success
and survival (Dingemanse et al., 2004; Small & Schoech, 2016). Individual variation in
CORT responsiveness in individuals of the same species may be attributable to a number
of factors, including differences in processing of stimuli and activation of the
hypothalamus, production of glucocorticoids, and effectiveness of glucocorticoids at
target tissues, which can depend on the type and density of receptors (Lattin & Romero,
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2015; Hau et al., 2016). These different phenotypes are established during ontogeny;
however, the proximate mechanisms responsible for directing an individual to a particular
phenotype remain unclear (Groothuis & Trillmich, 2011).
Although altricial young are dependent on adults for food and protection, they
exhibit a functional, albeit dampened HPA axis response shortly after hatching (Sims &
Holberton, 2000; Rensel et al., 2010). However, exposure to differential glucocorticoid
levels early in life, even levels within what are considered baseline, can have
organizational effects on the developing central nervous system that may result in a fixed
adult behavioral and physiological phenotype (for review see Schoech et al., 2011). Such
effects may serve to program the phenotype of the offspring to one that will be better
adapted to survive the post-fledging period (maternal/fetal match hypothesis, Breuner,
2008; Monaghan, 2008), resulting in a fixed adult behavioral and physiological
phenotype (Dingemanse et al., 2004; Zhang et al., 2006).
Developing young are exposed to multiple factors that influence their behavior
and physiology. These factors, including interactions with parents and siblings, may
influence an individual’s behavior and circulating hormone levels. In young animals it is
unclear whether CORT-mediated behavioral modifications also induce changes to the
HPA axis that subsequently shape or modify the formation of the adult phenotype. CORT
has been identified as a mediator of nestling begging behavior (for review see Smiseth et
al., 2011). Altricial nestlings signal their parents by begging, although it remains unclear
whether begging is an honest signal that represents current nutritional need (Royle et al.,
2002) or if it is driven by parental behavior, competition with siblings, or both (Trivers,
1974).
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The main objectives of my dissertation research were to identify environmental
and physiological factors that influence 1) the behavior and stress response in nestlings
and 2) the development of the adult physiological and behavioral phenotype in the
Florida scrub-jay (Aphelocoma coerulescens). The Florida scrub-jay is a unique species
that allows for long-term data to be collected on the same individuals. The jays are nonmigratory so they can be tracked year round. Additionally, all nests are located during the
building stage and monitored for hatching, thus I knew the exact age and identify of all
individuals in the nest, which allowed me to collect extensive data on the growth and
behavior of each individual as a nestling and beyond.
My first two projects focused on the nestling stage and determined whether
nestling behavior was affected by exogenous CORT and whether nestling physiology was
impacted by parental provisioning. Chapter 2 “Influence of corticosterone treatment on
nestling begging in Florida scrub-jays (Aphelocoma coerulescens)” investigated the
short-term effects of CORT treatment on begging behavior and growth of FSJ nestlings.
Chapter 3 “Nestling corticosterone levels are related to adult provisioning rates in Florida
scrub-jays (Aphelocoma coerulescens)” determined the relationship between parental
provisioning and nestling CORT levels at 11 days of age. My last two research projects
investigated how early environmental factors were related to the future phenotype in
adults. Chapter 4 “Nestling behavior and growth predict future stress responsiveness of
individual Florida scrub-jays” identified related factors between the nestling stage and
future stress response. Chapter 5 “Developmental corticosterone treatment influences
future phenotype in Florida scrub-jays” tracked the individuals that received CORT

3

treatment in Chapter 2 into adulthood to determine the effects of early CORT exposure
on the behavioral and physiological phenotype.
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CHAPTER 2: INFLUENCE OF CORTICOSTERONE TREATMENT ON
NESTLING BEGGING IN FLORIDA SCRUB-JAYS (APHELOCOMA
COERULESCENS)
Abstract
Altricial young are dependent on adults for protection and food, and they display
nutritional need by begging to elicit feeding from parents. Begging at high levels can be
energetically expensive and attract predators; thus, an individual must balance its
nutritional needs with these potential costs. Further, because a parent is limited in the
amount of food it can provide, begging may create both parent-offspring conflict and
sibling-sibling competition. Many extrinsic and intrinsic factors may contribute to
begging behavior. One of interest is corticosterone (CORT), a metabolic hormone
hypothesized to play a role in regulating a nestling’s begging behavior. We investigated
the hypothesis that increased exposure to CORT influences nestling behavior in an
altricial species, the Florida scrub-jay (Aphelocoma coerulescens). We treated one
nestling per treatment nest with a twice-daily dose of exogenous hormone via a CORTinjected waxworm, whereas a second individual received a vehicle-injected waxworm.
We monitored individual nestling and parental behavior at all nests with the use of highdefinition video cameras on several days during treatment. We found no difference in
begging rate between CORT fed and vehicle fed nestlings within a treatment nest.
Further, to determine whether CORT treatment had indirect effects on the entire brood,
we monitored additional nests, in which nestlings were not manipulated. When treatment
and controls were compared, overall begging rates of nestlings in treatment nests were
greater than those in control nests. This result suggests that CORT treatment of an
individual altered its behavior, as well as that of its siblings.
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1.0 Introduction
Altricial young rely on adults to provide food and protection as they develop.
During this period, young communicate by begging, which is hypothesized to be an
honest signal of an individual’s nutritional needs (Kilner and Johnstone, 1997; Royle et
al., 2002). In birds, begging at high levels may result in decreased growth and metabolic
expenditure (Soler et al., 2014), decreased immunocompetence, and increased oxidative
stress (Morena-Rueda, 2010; Morena-Rueda et al., 2012). Begging may also attract
ectoparasites (Tomás and Soler, 2016), as well as increased attraction of predators, given
that it generally includes vocalizations (Leech and Leonard, 1997; McDonald et al., 2009;
Haff and Magrath, 2011; Ibáñez-Álamo et al., 2012). Thus, an individual must balance its
nutritional needs with the potential costs of begging and should limit begging to times
when it most requires food from parents. However, because parents are limited in the
amount of food they can provide, an individual nestling is potentially engaged in conflict
with its parents and siblings to receive adequate resources for growth and survival
(parent-offspring conflict, Trivers, 1974). How these needs and conflicts are integrated to
regulate begging behavior is not well understood, but the avian glucocorticoid,
corticosterone (CORT) has been implicated as a critical physiological and behavioral
mediator (Smiseth et al., 2011).
In the first few weeks of life, altricial nestlings undergo rapid somatic growth,
along with the growth and development of multiple physiological systems, such as the
hypothalamic-pituitary-adrenal (HPA) axis. Altricial nestlings typically have a functional,
although dampened, CORT response to stressors prior to fledging (Sims and Holberton,
2000; Wada et al., 2007; Rensel et al., 2010a). Rensel et al. (2010a) tested 11-day old
Florida scrub-jay (Aphelocoma coerulescens) nestlings and found increased CORT levels
7

in response to handling. The initial rate of CORT increase (i.e., from 0-5 min) did not
differ from that of adult Florida scrub-jays, although the mean maximum level was less
than half that of adults. This inability to mount a full response could reflect incomplete
HPA axis competency, be a protective mechanism against negative effects of CORT
during development, or both (Sims and Holberton, 2000; Rensel et al., 2010a).
Although the HPA axis may not be fully developed in nestlings, CORT exposure
during this period may have short-term effects upon nestlings, as CORT levels vary with
environmental conditions. For instance, during periods of nutritional deficiency, CORT
levels increase in several species, including nestling black-legged kittiwakes (Rissa
tridactyla; Kitaysky et al., 1999, 2001a) and western scrub-jays (A. californica;
Pravosudov and Kitaysky, 2006). This increase in CORT levels may lead to increased
begging rates as the nutritionally stressed nestlings attempt to gain additional food from
adults (Kitaysky et al., 2003; Loiseau et al., 2008). Research on the hormonal regulation
of begging is currently limited to a few studies that have differed in their findings
(reviewed by Smiseth et al., 2011). For example, whereas exogenous CORT caused
black-legged kittiwake and house sparrow (Passer domesticus) nestlings to increase
begging rates (Kitaysky et al., 2001b, 2003; Loiseau et al., 2008), Wada and Breuner
(2008) found CORT increased the latency to beg in Nuttall’s white-crowned sparrows
(Zonotrichia leucophrys nuttalli) and Vallarino et al. (2006) found no CORT effect in
blue-footed boobies (Sula nebouxii). Additionally, exogenous CORT decreased rates of
somatic development in zebra finch and white-crowned sparrow nestlings (Spencer and
Verhulst, 2007; Wada and Breuner, 2008, respectively). In part, these conflicting results
may reflect differences in methodology as some studies chronically elevated CORT
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levels over several hours or days, and some studies may have used pharmacological doses
of CORT, in which levels exceeded the highest endogenous levels recorded for that
particular species. Given these conflicting results, the relationships between CORT and
nestling growth and behavior remain unclear. However, understanding these relationships
is important because CORT exposure during development can have life-long effects
(reviewed in Schoech et al., 2011), and may mediate “environmental programing” of the
adult phenotype (see Monaghan, 2008).
In Florida scrub-jays, baseline CORT levels of nestlings were positively related to
the time the female parent was away from the nest, and negatively related to parental
provisioning rates and nestling body condition (Rensel et al., 2010b). These links led us
to the hypothesis that corticosterone mediates begging behavior in nestling Florida scrubjays. We experimentally increased CORT levels in a subset of Florida scrub-jay nestlings
through oral administration of CORT-injected waxworms (Galleria mellonella). Each
treatment nest contained a nestling treated with CORT-injected waxworms (CORT fed)
and a nestling fed waxworms without CORT (vehicle fed), which allowed siblings to be
compared to one another. We predicted that exposure to elevated CORT would result in
increased begging behavior in treatment nestlings compared to their vehicle fed siblings.
We followed up this analysis with a comparison of all siblings in treatment nests to those
in non-manipulated (control) nests in which CORT was not administered but nestling and
adult behaviors were monitored. If CORT treatment altered sibling or parental behavior
within the treatment nests, the behavior of nestlings in treatment nests would differ from
those in control nests.
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2.0 Materials and Methods
2.1 Study System
This study was conducted on a well-studied, free-living population of Florida
scrub-jays at Archbold Biological Station in south-central Florida (27˚10΄N, 81˚2l΄W).
Florida scrub-jays are non-migratory and socially and genetically monogamous (Quinn et
al., 1999; Townsend et al., 2011). They live in family groups that average three jays,
although roughly half of the groups consist only of a breeding pair whereas the rest of the
breeding pairs share their territory with 1-6 non-breeding helpers (Woolfenden and
Fitzpatrick, 1984). Each bird in the population has a unique color-band combination and
is monitored from hatching until death. Florida scrub-jays begin nesting in early March
with a mean clutch size of three eggs that hatch relatively synchronously (a spread of <
24 h) and incubation and nestling periods both average 18 days (Woolfenden and
Fitzpatrick, 1984). Florida scrub-jays nestlings are altricial and rely on parents and nonbreeding helpers for protection and nourishment while in the nest and post-fledging until
nutritional independence at approximately 70 days post-hatch (Woolfenden and
Fitzpatrick, 1984). Florida scrub-jays exhibit biparental care, although only female
breeders incubate eggs and brood nestlings. Additionally, non-breeding helpers
contribute to provisioning of young, both while in the nest and after fledging
(Woolfenden and Fitzpatrick, 1984). In this study non-breeders contributed an increasing
amount of provisioning as nestlings developed (i.e., day 8: 12%, day 11: 13%, and day
13: 21% of all feeds; Elderbrock et al. unpublished data). Adult jays allow researchers to
approach nests with no observable negative consequences on their behavior that alters the
success of the nest (i.e., there is no nest abandonment). All protocols were conducted as
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allowed under permits issued to SJS by the USF&WS (TE-117769-6) and USGS Bird
Banding Laboratory (23098) and the University of Memphis (0697) and Archbold
Biological Station IACUCs (AUP-013-R).

2.2 Treatment Assignment
Data were collected during the field seasons (March - June) of 2012 and 2013.
Prior to egg laying, a subset of known breeding pairs was assigned to be experimental
treatment groups (6 nests in 2012 and 15 nests in 2013), while an additional subset of
groups did not receive CORT treatment (control groups; 3 nests in 2012 and 14 nests in
2013). In our first analysis of within treatment, we used a paired design with siblings
within the nest, so all 21 treatment nests were included in that analysis. In our second
analysis of between group comparisons, we compared only nests with broods of 2 or 3
nestlings due to possible brood size effects on nestling growth and behavior (Rensel et
al., 2011; treatment groups: 4 nests in 2012, 10 groups in 2013; control groups: 1 nest in
2012, 12 groups in 2013). The treatment and control groups included in the analysis did
not differ in certain factors that may influence nest environment, including: number of
years breeding pair has been together (control groups: 2.77 ± 0.55 yr., ̅
X ± SD, treatment:
2.21 ± 0.53 yr.; F1,26 = 0.53, P = 0.48), brood size at 11 days-of-age (control: 2.38 ± 0.14
nestlings, treatment: 2.57 ± 0.14 nestlings: F1,26 = 0.90, P = 0.35), hatch date (day-ofyear) of the first egg (control: 93.85 ± 4.58 day, treatment: 98.21 ± 4.41 day: F1,26 = 0.47,
P = 0.50), and number of helpers present in the territory (control: 0.69 ± 0.34 helpers,
treatment: 1.21 ± 0.33 helpers: F1,26 = 1.24, P = 0.28). Group numbers were low in 2012
due to overall low reproductive success of the population in that year (environmental
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fluctuations lead to marked year-to-year differences in reproductive output and other life
history traits; see Schoech et al., 2009).

2.3 Nest Monitoring
All Florida scrub-jay nests in the population were located during the nest building
stage and monitored until the nest was abandoned, depredated, or successfully fledged
young. Nest checks at approximately 8 am, 12 pm, and 4 pm on the predicted day of
hatching allowed us to record hatch order and, by marking a unique (within a given nest)
toenail of each nestling with a dab of nail polish, we tracked individuals thereafter
(toenails were repainted on days 3, 5, and 8 post-hatch). Additionally, we measured
initial body mass of all nestlings within 4 hr of hatching. If more than one nestling had
hatched between nest checks, hatch order was assigned based on mass, with heavier
nestlings assumed to be the first hatched (see Rensel et al., 2011). On day 11 post-hatch,
each nestling was banded with a single plastic color band and a U.S. Geological Survey
aluminum band, and tarsus length and body mass were measured. Mass on days 8 and 11
was used to calculate the growth rate of each nestling, which was calculated as the mean
daily change in mass (i.e., [mass11 – mass8]/3 days). Nestlings from several nests were
not measured on day 8; therefore, only individuals for which mass was collected on both
days were included in the growth analysis (See Table 1 for sample sizes).
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Table 1. Sample sizes for within nest (CORT fed and vehicle fed) and between group
comparisons (all nestlings in treatment and control nests). The total number of
individuals included in each analysis is indicated for each measurement.

CORT
fed

Vehicle
fed

Treatment
nestlings

Control
nestlings

Day 8 Behavior

19

19

30

26

Day 10 Behavior

17

17

_

_

Day 11 Behavior

13

13

21

22

Day 13 Behavior

16

16

26

15

Day 11 Mass

21

21

36

31

Day 11 Tarsus

21

21

36

30

Growth rate (D8-11)

11

11

19

25

2.4 Administration of CORT
The role of CORT was examined by feeding CORT-injected waxworms to a
single individual within each treatment nest (see Figure 1 for treatment schedule and
experimental design). Only the first two hatched nestlings were treated: one received a
CORT-injected worm (CORT fed) and the second received a worm injected only with
vehicle only (peanut oil, see below; vehicle fed). Within treatment nests, CORT and
vehicle assignments for the first and second hatched nestlings were alternated between
nests (i.e., in half of the nests the first hatched nestling received CORT and the second
vehicle, and vice versa for the remaining nests). Any third or fourth hatched nestlings
received no worm (not fed). These “extra” nestlings were not fed during feeding visits to
the nest; however, they experienced some level of disturbance when treatment and
vehicle nestlings were fed. They also were subjected to the above noted measurements.
13

Crystalline CORT (0.8 mg, Sigma C2505) was dissolved in 1 ml of peanut oil and
individual doses were prepared by injecting either 20 µl (16 µg CORT) of solution into a
waxworm for 8 day old nestlings, or, to account for the increase in body mass, 25 µl (20
µg of CORT) for 9-11 day old nestlings (modified from Wada and Breuner, 2008; see
also Schoech et al., 2007). Vehicle doses were waxworms injected with 20 µl or 25 µl of
peanut oil. All preparation and feedings of the waxworms were conducted by the same
researcher (EKE). The waxworms were injected in the lab immediately prior to the
morning and evening treatments, placed into labeled microcentrifuge tubes, and
transported into the field. After nestlings were identified in the nest, the vehicle fed
nestling was always removed from the nest and fed the vehicle only waxworm first to
avoid any possible contamination with CORT on the tweezers.
Nestlings would frequently beg and take a waxworm readily; alternatively, the
side of the mouth was gently opened and the waxworm was then placed into its mouth
with the use of tweezers. All nestlings readily swallowed the waxworms. The vehicle fed
nestling was then placed back into the nest and the CORT fed nestling was removed and
fed. Administration of a single worm to two nestlings within each nest typically took less
than 2 min. Nestlings were fed either the assigned vehicle- or hormone-injected
waxworm twice daily (between 0700-0900 and 1630-1830) from days 8 – 10 post-hatch,
and once in the morning on day 11. This dosage period was selected because day 8 is
when nestlings open their eyes and begin to receive visual information from their
environment. Further, because Florida scrub-jays exhibit a CORT response to handling
by 11 days of age, limiting our treatment to the few days prior makes it likely that their
HPA axes are functional and the exogenous CORT is a signal not dissimilar to the
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endogenous response nestlings might experience when faced with naturally occurring
changes in their environment (Developmental Hypothesis, Blas et al., 2006; Rensel et al.,
2010a). We ceased treatment at day 11, as this is the last day on which nestlings can be
safely handled without risk of premature fledging. To assess the efficacy of treatment and
to determine if CORT levels were similar to endogenous levels reported by Rensel et al.
(2010a), blood samples were collected from nestlings in treatment nests at either 10, 15,
or 20 min after waxworm treatment (Sec. 2.5).

Figure 1. Experimental design and treatment schedule. Treatment nests contained one
nestling treated with CORT-injected waxworms (CORT fed), one nestling with oilinjected waxworms (Vehicle fed) and 0-2 non-treated nestlings (Not fed). Control nests
contained nestlings (2-3) that were not treated. Nestling and parental behaviors were
video recorded for 90 min per day on denoted days during and after treatment. Blood
samples were collected from nestlings on day 11 post-hatch.

2.5 Sample Collection and CORT Analysis
To validate both the efficacy and time-course of the CORT treatment, in 2013 we
collected post-treatment blood samples from all individuals on day 11 post-hatch.
Nestlings were removed from their nest, fed a CORT- or vehicle-injected waxworm, and
returned to the nest. We left the area of the nest and returned at either 10 (2 broods), 15 (3
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broods), or 20 min (10 broods) to collect blood samples to assess CORT levels. We
focused primarily on the 20 min time point since it was anticipated that the CORT would
have entered the blood stream by then (Schoech et al., 2007) and any CORT response
from the initial nest disturbance should have subsided. We sampled only a few nests at 10
and 15 min, to visualize the time course of the treatment and for comparison with that of
Schoech et al. (2007, see Figure 2): the 10 min time point was not included in the
statistical analysis due to the small sample size. In each case, all nestlings in a nest were
removed simultaneously (either at 10, 15, or 20 min post-treatment) and a blood sample
was collected within 3 min (87 ± 23 sec; ̅
X ± SD). To ensure that the CORT sample
would not reflect the influence of handling stress associated with the sampling procedure,
we used multiple field researchers to remove all nestlings from the nest simultaneously to
allow for rapid sampling of all nestlings (i.e., < 3 min; see Romero and Reed, 2005). A
small blood sample (~100 µl) was collected in heparinized microhematocrit tubes from
the brachial vein following venipuncture with a 26 gauge needle. Blood samples were
placed on ice, transported to the lab, and centrifuged for 5-7 minutes at 12000 rpm within
1 hr of collection. The plasma was drawn off, placed into a marked O-ring-sealed vial,
and frozen at -20 °C until analysis at the University of Memphis.
Samples were assayed using the recommended protocol and supplied reagents for
the Cayman 500655 Corticosterone Enzyme-Linked Immunosorbent Assay (ELISA;
Cayman Chemicals, Ann Arbor, MI). All samples from a single year were assayed on the
same day with all individuals within a nest run on the same plate. Samples were diluted
1:20 in EIA buffer prior to assay. This dilution was used to assure that binding values
were within the linear portion of the sigmoidal standard curve (i.e., between 15 and 65%
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bound). Internal control standards of known CORT concentration were included on each
plate (intra-assay CVs ≤ 3%; inter-assay CV < 5%).

2.6 Monitoring Nestling Behavior
To monitor behavior at the nest, a high-definition video camera (JVC HD Everio,
GZ-HM440) was mounted atop an adjustable height pole (1.9-3.2 m). This camera setup
allows behavior to be monitored without the presence of a researcher near the nest, unlike
earlier studies on this species in which focal watches were conducted by a researcher in a
blind (Schoech et al., 1996; see Rensel et al., 2010b). The mounting poles were painted to
blend in with the surrounding foliage and a plastic camouflage cover was placed over the
camera. The cameras were positioned approximately 3-5 m from nests and were set-up
within 5 min of arrival at a site. Most Florida scrub-jay nests are 1-2 m high (Woolfenden
and Fitzpatrick, 1984) and the vantage point of the camera allowed us to monitor
individual nestling and adult behavior with no detectable alteration of behaviors. Based
on the video footage, the jays showed no interest in the video equipment (i.e., they did
not look directly at or investigate the camera). Further, parents returned to the nest within
minutes of the researchers leaving the site (day 8: 197 ± 347 sec; day 11: 302 ± 397 sec;
̅ ± SD). Nestling and parent behaviors were recorded for 90 min
day 13: 418 ± 439 sec; X
per day (recording began between 0730 and 1100 am) on days 8, 10 (treatment only), 11,
and 13 post-hatch (Figure 1). Due to the rare severe weather systems or camera
malfunction, a few nests were not filmed on all days, resulting in different sample sizes
across the days of monitoring (Table 1). Treatment nests received an additional period of
monitoring (day 10) because our initial focus was primarily on treatment nests, and we
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had a limited number of video cameras. On days 8 and 10, CORT was administered
immediately before the recording period. However, the above noted protocol to validate
the efficacy of the CORT treatment necessitated that on day 11 CORT administration was
at the end of filming with blood sample collection shortly thereafter. This CORT
administration procedure, combined with the schedule of behavioral observations,
allowed us to investigate CORT effects across different periods of treatment. For
instance, behavioral monitoring on days 8 and 10, immediately after CORT
administration, investigated the acute direct effects of CORT on behavior. In contrast,
monitoring on day 11, after three consecutive days of treatment (6 doses), but prior to
treatment on that day, investigated the cumulative and indirect (given that at this time
CORT in circulation would reflect only endogenously produced hormone) effects of
CORT treatment. Further, day 13 investigated the long-lasting (possible organizational or
programming) effects of CORT treatment by monitoring behavior two days after CORT
treatment had ended.
After the camera was turned on at a nest, we identified individual nestlings within
the nest by their marking toenail and recorded their position within the nest. At the end of
recording, nestlings were again identified based upon their toenail mark. Because we
knew the initial position of individual nestlings, we could track them throughout the
recording period and thus were able to assess each individual’s number and duration of
begs, as well as number of feeds received.
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2.7 Video Analysis
Video recordings were used to assess both nestling and adult behavior. In
accordance with other studies that have explored the relationship between CORT and
begging behavior (Kitaysky et al., 2001, 2003; Loiseau et al., 2008; Wada and Breuner,
2008), we measured the number of begs, duration of begging bouts, and the number of
times each nestling was fed. Behaviors were timed to the second using the timestamp on
VLC media player (2.2.4 Weatherwax). A “beg” was counted every time a nestling raised
its head and opened its beak in the begging posture typical of jays (i.e., neck stretched
and head back with gape open). The “beg duration” was the amount of time a nestling
remained with its beak open. Beg duration was assigned a minimum of 1 sec per beg,
although most were longer. A “feed” was counted when an adult was seen to put food
into an individual’s open beak and the individual either was either seen to swallow the
food or an adult did not remove the food, allowing us to assume that the food was
subsequently swallowed. Recordings were for a minimum of 90 min, with the videos
divided into three 30 min intervals (see Sec. 2.8 for rationale) for analysis.

2.8 Statistical Analyses
To evaluate the efficacy of CORT treatment on the magnitude and time-course of
CORT levels in day 11 nestlings from treatment nests, a linear mixed model was used to
compare plasma CORT levels of CORT fed, vehicle fed, and not fed nestlings at two
time-points (15 or 20 min post-treatment). Nest ID and brood size were included as
random factors. Nest ID was included as a random factor to control for any potential
effects of nest environment on nestlings within the same nest, and brood size was
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included because a previous study in Florida scrub-jays found that brood size may
influence nestling CORT levels (Rensel et al., 2011). As per the methods noted above, all
nestlings within a nest were sampled simultaneously. CORT levels were log transformed
to meet assumptions of normality and heterozygosity. Tukey HSD was used for pairwise
comparisons.
Because the above analysis revealed that CORT treatment provided a temporary
increase in CORT (see Figure 2) and to better examine the effects of CORT upon
begging behaviors, we divided the behavioral data into three, 30 min intervals. If CORT
has immediate effects upon behavior, the effects might be most pronounced during the
first 30 min period following CORT administration. We only included the CORT and
vehicle fed nestlings from a nest (1st or 2nd hatched) in this within nest analysis. To
compare number of begs, beg duration, and number of feeds of CORT fed and vehicle
fed nestlings, we used a linear mixed model with treatment (CORT, vehicle), time
interval (0-30, 30-60, 60-90 min), and age (8, 10, 11, and 13 days) as categorical fixed
factors. Individual nestling ID nested within the nest ID was included as a random factor,
thus allowing for CORT and vehicle fed nestlings within the same nest to be compared to
one another over the multiple days of the study. All data (# of begs, beg duration, and #
of feeds) were square root transformed to meet assumptions of normality.
Following our comparison of nestlings within treatment nests, we did a follow up
analysis to compare the behavior of nestlings in control nests (in which no nestlings
received treatment) to those in treatment nests (containing a CORT and vehicle fed
nestling). To balance brood size, only nests with a brood size of 2-3 were included
(treatment: 14 nests; control: 13 nests). These brood sizes were selected both because
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relatively few nests had more than three nestlings, and because later hatched nestlings are
more likely to receive less food, either because of their inability to compete with older
siblings, or because their parents ‘elect’ not to feed them (not uncommonly these later
hatched nestlings are ‘runts’ that do not survive to fledgling). We ran a linear mixed
model with nest type (treatment, control), time interval (0-30, 30-60, 60-90 min), and age
(8, 11, and 13 days) as categorical fixed factors. Day 10 data were not included in this
analysis as control nests were not video recorded on this day. Year (2012, 2013), brood
size (2 or 3), and nestling ID nested with nest ID were treated as random factors. All data
(# of begs, beg duration, and # of feeds) were square root transformed to meet
assumptions of normality. Tukey HSD post hoc tests were used when the main effect of
the model was significant, and for a priori planned comparisons of control and treatment
groups at each time interval on each day to further consider the short- and long-term
effects of CORT on behavior.
To compare growth rates and day 11 morphometrics (mass and length of tarsus)
for within nest comparisons (CORT fed vs vehicle fed) we used linear mixed models with
individual treatment as a fixed factor and nestling ID nested within nest ID was included
as a random factor, allowing for vehicle and CORT fed individuals within the same nest
to be compared. For the between nest comparisons (treatment nests vs control nests) of
growth rate and day 11 morphometrics (mass and length of tarsus), we used linear mixed
models with nest treatment as a fixed factor and nest ID and year as random factors. JMP
10.0 was used for all statistical analyses.
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3.0 Results
3.1 Treatment Validation
The analysis to determine the efficacy and the time-course of CORT treatment in
day 11 nestlings revealed significant differences by treatment (F2,23.48 = 22.80, P <
0.0001, Figure 2). CORT fed nestlings had significantly higher CORT levels than their
vehicle fed and not fed siblings at 15 and 20 min (P < 0.05 at both time-points). CORT
levels of vehicle fed and not fed nestlings did not differ from one another throughout.
There was no significant effect of time (F1,11.27 = 1.07, P = 0.32); however, there was a
significant interaction between time and treatment (F2,24.1 = 4.023, P = 0.03). CORT
levels following administration of exogenous CORT were within the range of Florida
scrub-jay nestlings exposed to a handling stressor (Rensel et al., 2010a). These data
indicate that not only did CORT treatment successfully elevate CORT levels, but also the
levels attained were physiologically appropriate (i.e., comparable to endogenously
produced levels in response to a stressor).
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Figure 2. Validation of CORT treatment. Plasma CORT levels of nestlings within
treatment nests at 10, 15, and 20 min post-treatment with CORT, vehicle, or handling
only (not fed). Numbers indicate sample size, error bars indicate standard error, and
asterisk indicates a significant difference (P < 0.05) between treatments within a
sampling time-point. Due to small samples sizes, samples collected at 10 min were not
included in the analysis.

3.2 Behavior Comparisons: Treatment Nests
In the comparison of CORT fed and vehicle fed nestlings, there was an overall
increase in begging rate and duration as nestlings aged, but treatment had no effect on
number or duration of begs, or the number of feeds received (Table 2, Figure 3).
However, for all three measures there was a significant effect of time interval, as well as
a significant interaction between nestling age and time interval. CORT treatment had no
effect on mass, tarsus length, or growth rate (Table 3).
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Figure 3. Within treatment nest comparisons of CORT fed (white circles) and vehicle fed
(black circles) nestlings: number of begs (upper panel), total duration of begs (middle
̅  SE). No differences
panel), and number of feeds (lower panel) across time intervals (X
were detected between CORT and vehicle fed nestlings.
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Table 2. Within nest comparison of # of begs, total duration of begging (sec), and # of feeds within 30 minute segments on days 8, 10,
11, and 13 days of age for CORT and vehicle fed nestlings.

Treatment (T)
Age (A)
Time interval (I)
T*A
T*I
I *A
T*I*A

df
1,34.9
3,351.9
2,321.5
3,351.9
2,321.5
6,321.5
6,321.5

# begs/30 min
F
P
0.67
0.42
20.26 <0.0001
7.20
0.0009
0.79
0.50
0.18
0.83
3.64
0.002
0.35
0.91

Duration of begs/30 min
df
F
P
1,36.7
0.08
0.78
3,351.2
25.51
<0.0001
2,323.4
3.64
0.03
3,351.2
0.39
0.76
2,323.4
0.33
0.72
6,323.4
3.22
0.004
6,323.4
0.16
0.99

df
1,38.9
3,349.3
2,325.5
3,349.3
2,325.5
6,325.5
6,325.5

# feeds/30 min
F
P
0.07
0.80
0.96
0.41
9.94
<0.0001
0.11
0.95
0.18
0.84
2.90
0.009
1.78
0.10

Table 3. Morphometric data of day 11 nestlings within nests (CORT fed and vehicle fed) and between nests (CORT treatment and
control nests). Data are presented as ̅
X ± SE.
Within Treatment Nests (CORT vs Vehicle)
CORT fed

Vehicle fed

df

F

Between Nests (Treatment vs Control)
P

CORT nests

Control nests

df

F

P

Mass D11 (g)

47.17 ± 0.91

46.00 ± 0.91

1,40 0.81 0.37

45.37 ± 2.43

45.97 ± 3.02

1,26.5 0.06 0.81

Tarsus D11
(mm)

30.84 ± 0.45

30.97 ± 0.45

1,40 0.04 0.84

30.31 ± 0.90

30.66 ± 1.09

1,25.4 0.16 0.69

Growth rate
(g/day)

4.79 ± 0.21

4.52 ± 0.21

1,20 0.81 0.38

4.63 ± 0.32

4.49 ± 0.28

1,17.4 0.11 0.74
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3.3 Behavior Comparisons: Treatment and Control Nests
For the examination between control and treatment broods, we compared the
number of begs, total beg duration, and number of parental feeds per 30 min of
individuals in control nests to that of nestlings in treatment nests. There were overall
treatment, age, and time interval effect on the number of begs and beg duration, as well
as significant two-way interactions between these factors (Table 4, Figure 4). Overall,
nestlings in treatment nests (CORT, vehicle, and not fed individuals) begged more
frequently than nestlings in control nests on days 11 and 13 (both P < 0.05). Similarly,
nestlings in treatment nests begged longer on days 11 and 13. There was no difference
between control and treatment nests in the number of feeds received on any day, although
there was an effect of age in all nests with more feeds on day 11 than on days 8 and 13.
The number of feeds differed across time intervals and there was an interaction between
age and time interval (Table 4). Further, there were no differences in growth rate or day
11 mass and tarsus length between treatment and control groups (all P > 0.05; Table 3).
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Figure 4. Comparison of nestlings from treatment (white circles) and control (black
circles) nests: number of begs (upper panel), total duration of begs (middle panel), and
̅  SE). Asterisks
number of feeds (lower panel) per nestling across time intervals (X
indicate significant difference (P < 0.05) between groups at a given time interval. No
differences were detected in number of feeds at any time-point.
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Table 4. Between treatment and control nest comparison of number of begs, total duration of begging (sec), and number of feeds per
nestling.
# begs/30 min
df

F

Duration of begs/30 min
P

df

F

P

# feeds/30 min
df

F

P

Treatment (T)

1,57.5

18.55

<0.0001

1,55.8

22.20

<0.0001

1,63.13

3.24

0.08

Age (A)

2,369.1

29.98

<0.0001

2,379

34.23

<0.0001

2,357.4

4.08

0.02

Time interval (I)

2,336.8

5.07

0.007

2,334.1

3.80

0.02

2,341.4

4.72

0.01

T*A

2,370

3.43

0.03

2,379.4

7.08

0.001

2,385.1

0.03

0.73

T*I

2,336.8

6.71

0.001

2,334.1

4.96

0.008

2,341.4

1.45

0.24

I*A

4,336.8

4.81

0.001

4,334.1

4.94

0.0007

4,341.4

2.11

0.08

T*I*A

4,336.8

1.06

0.38

4,334.1

1.50

0.20

4,341.4

0.65

0.63

28

4.0 Discussion
We found that elevating CORT in free-living Florida scrub-jay nestlings did not
increase begging behavior when compared to siblings that received vehicle. However, all
nestlings in treatment nests with a CORT and vehicle fed nestling begged more than
nestlings in control nests that were similarly handled but did not receive treatment. This
indicates that some aspect of the CORT treatment protocol increased the begging of all
nestlings within treatment nests.
The twice-daily dose of CORT fed to nestlings mimicked natural Florida scrubjay nestling CORT levels after a relatively short stressor, such as parental absence or
insufficient provisioning (see Rensel et al., 2010b). During these periods of acute stress, a
resulting CORT increase may facilitate an appropriate coping response, such as
increasing begging behavior (Kitaysky et al., 2001b; Smiseth et al., 2001). Even though
feeding of a CORT-injected waxworm to a nestling twice daily between days 8 and 11
post-hatch increased plasma CORT levels to physiologically relevant levels, contrary to
our prediction, begging behavior in CORT fed nestlings was not increased compared to
their vehicle fed siblings. There are several, though not mutually exclusive, explanations
for this initial finding. For instance, 1) CORT does not mediate begging in nestling
Florida scrub-jays; 2) CORT stimulated increased begging, but sibling competition
caused all siblings to increase begging, masking the direct effect of CORT on the treated
nestling, or 3) CORT may influence begging, but some aspect of the nest disturbance
associated with the treatment protocol led to increased begging in all nestlings,
independent of the effect of the CORT treatment, and masked a potential treatment effect.
To further investigate which of the above best explained our findings, we
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compared the nestlings in treatment nests to nestlings in control nests, which were
similarly monitored, but did not receive CORT or vehicle waxworms. We predicted that
if the CORT treatment had no effect on begging behavior and sibling competition, or if
general nest monitoring and nest visitation stimulated begging in all nestlings, we would
see no difference in the begging behavior of nestlings in treatment nests from those in
control nests. However, begging was higher in nests with CORT and vehicle fed nestlings
suggesting that something, independent of the general visitation, handling, and
observation protocol, stimulated increased begging in treatment nests. This finding best
supports the hypothesis that CORT administration increased begging behavior in CORT
fed nestlings, but due to sibling competition this effect was hidden by increased begging
of all nestlings in treatment nests. However, it remains possible that some aspect of the
nest visitation protocol, unique to the CORT treatment nests, stimulated the higher
begging in treatment groups.
Because incorporation of the control nest comparison into the study was
undertaken post hoc, two key factors differed between the control nest and treatment nest
visitation protocols, which could have influenced begging independent of the CORT
treatment. First, two nestlings in each treatment nest were fed waxworms while none of
the nestlings in control nests were fed. Feeding waxworms to the nestlings, whether they
were CORT or vehicle filled, may have triggered increased begging. However, this seems
unlikely given that one would expect supplemental feeding to decrease hunger and
consequently, begging. For example, in two studies of Cory’s shearwater (Calonectris
diomedea), supplemental feeding of nestlings either did not alter begging behavior
(Granadeiro et al., 2000) or caused nestlings to be satiated and they ceased to beg, leading
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parents to decrease nest attendance (Quillfeldt and Masello, 2004). Further, feeding
CORT-filled waxworms to white-crowned sparrow nestlings in captivity increased their
latency to beg (Wada and Breuner, 2008). Finally, on day 11 of our study, nestlings were
fed waxworms after the behavioral observation, yet nestlings in treatment nests begged
significantly more than those in control nests on that day, as well as on day 13, two days
post treatment.
A second difference in visitation protocol between control and treatment nests
was that treatment nests were visited more frequently (see Figure 1). Handling stimulates
CORT release in Florida scrub-jay nestlings (Rensel et al., 2010a) and thus CORT was
likely to have been elevated in all nestlings for a few minutes after a nest visitation by
researchers (see Figure 2, 10 min as compared with levels at 15 and 20 min). However, it
seems unlikely that this post handling elevation of CORT can fully explain the difference
in higher begging of vehicle and not fed siblings of CORT fed nestlings in comparison to
control nestlings, because nestlings in control nests were similarly handled at the start of
each recording session (i.e., to check their toenail mark). However, because nestlings in
treatment nests were exposed to the handling stress more often, the higher number of
visitations at treatment nests for the feeding of the waxworms could have resulted in
higher developmental exposure to CORT in these nestlings which caused altered
behavior several days after these nest visits. While it is still plausible that differences in
the visitation and handling protocol could have influenced begging rates independent of
the CORT treatment, it is unclear which factor of the protocol caused it.
The mechanism by which CORT, or other factors, such as handling or sibling
competition, influence begging in Florida scrub-jays remains unclear. At present, there is
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no evidence for a direct, acute effect of CORT on Florida scrub-jay nestling begging
behavior. The difference observed between control and treatment nests was not apparent
on the first day CORT treatment was administered (day 8 post hatch). We did find that
nestlings in treatment nests begged more and for a longer duration than nestlings in
control nests on day 11, when CORT was not given prior to behavior observations, and
on day 13, two days after treatment had ended, suggesting a possible organizational or
carryover effect of CORT treatment. Similarly, Perez et al. (2016) found that CORT
administration in wild zebra finches resulted in alteration of the acoustic structure of
begging calls, and more frequent nest visitation by parents that lasted for several days
after treatment. The results of that study also suggest a lasting effect of CORT, although
in that study the entire brood was treated with CORT.
In consideration of sibling competition, while Florida scrub-jay nestlings do not
display dramatic sibling competition, such as siblicide or forcing a sibling from the nest,
there is minor jostling for position as they reach their heads up towards a provisioning
adult. However, the open cup nest structure prevents nestling jays from taking the
advantageous position closest to the nest entrance, as was observed in CORT-implanted
barn owl (Tyto alba) nestlings (Ruppli et al., 2012). In contrast, in an open cup nest
increased begging may be the most effective way for an individual to obtain increased
provisioning from parents relative to its nest mates. It is also possible that the increase in
begging of the CORT fed nestling stimulated increased CORT in their siblings (Yosef et
al., 2013; Braasch et al., 2014), thus causing the compensatory higher begging, but this
hypothesis has yet to be tested.
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Although nestlings in treatment nests begged more than those in control nests, the
overall number of feeds that nestlings received from adults did not differ. It is not clear
whether parents or nestlings drive begging behavior, although these findings suggest that
under the natural condition of this study, parental feeding rates are largely independent
of, or at least not correlated with, nestling begging. Nestlings frequently initiate or
increase begging in response to a parent’s arrival (and this is the case in our study species
[personal observation EKE, SJS], although in some species nestlings beg while parents
are absent (Romano et al., 2015). Based on our video data, Florida scrub-jay nestlings
often beg upon parental approach and, in some cases, in response to nest movement
caused by wind. However, our results suggest that free-living Florida scrub-jay parents
are at the limit of the food they are able or willing to provide, as the feeding was not
greater for the nests with higher begging. This suggests that, at least in our study species
during the years of the study, nestling behavior does not drive parental responses.
We found no difference in growth rate or mass and tarsus length on day in either
the within nest or between nest comparison (Table 3). The CORT doses used may have
failed to elevate CORT levels high enough or sustain the elevated levels long enough to
influence somatic growth. Müller et al. (2009) found a reduction in growth after a 2-3 day
CORT treatment in free-living Eurasian kestrel (Falco tinnunculus) nestlings; however,
individuals received CORT implants that resulted in tonic delivery and levels that on
average ranged between approximately 5- to 9- fold higher than baseline. Similarly,
Wada and Breuner (2008) found a negative relationship between growth and CORT after
24 hours of chronic CORT treatment (delivered with a dermal patch). The dose of CORT
in the present study raised levels in nestlings for only 20-30 min. It is possible that our
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protocol of twice-a-day dosing is sufficient to briefly increase CORT, but that nestlings
clear the CORT relatively quickly with no observable effect on growth.
Conflicting results in experiments that have elevated CORT levels suggest that
the effects of CORT treatment on nestlings are age- and dose-dependent. For example,
Loiseau et al. (2008) injected house sparrow nestlings daily with CORT for 5 days,
starting 5 days post-hatch, and this treatment resulted in increased begging rates.
However, Wada and Breuner (2008) used three different age groups of nestling whitecrowned sparrows and determined that feeding them CORT increased the latency to beg,
but in mid-aged nestlings only. Interestingly, growth was most stunted in the youngest
nestlings. Given that altricial young may have little to no stress responsiveness
immediately post-hatch and that responsiveness develops as they age (Sims and
Holberton, 2000; Blas et al., 2006; Rensel et al., 2010a), it is likely that a nestling’s
vulnerability to the effects of CORT vary with different stages of development. Although
speculative, Florida scrub-jay nestling growth depression or profound behavioral effects
may have been observed had we begun CORT administration earlier in development.
In conclusion, this CORT manipulation study on a free-living species found that
CORT treatment did not alter behavior of an individual relative to its vehicle fed siblings.
However, when compared to nestlings in control nests, nestlings in treatment nests
begged more frequently and for a greater duration during several days of behavioral
monitoring. These results suggest that either 1) exogenous CORT administration
stimulated increased begging in treated nestlings, but sibling interactions masked this
effect within treatment nests, or 2) disturbance of treatment nests while feeding
waxworms had indirect effects on nestling behavior. Several previous studies that have
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investigated CORT’s influence on begging used methodologies that might not reveal
sibling-sibling interactions, such as treating all nestlings in a brood with CORT, or testing
treated nestlings that have been separated from their siblings and parents (Kitaysky et al.,
2001b, 2003; Vallarino et al., 2006; Wada and Breuner, 2008; Perez et al., 2016).
Notably however, Loiseau et al. (2008) found that CORT-injected nestling house
sparrows begged more than their vehicle treated siblings within the same nest. Our study
emphasizes the importance of considering sibling interactions and whole brood effects in
manipulative studies. Further research is necessary to determine the dynamics of
interactions between parental provisioning and sibling behavior and the links between
nestling begging and CORT.
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CHAPTER 3: NESTLING CORTICOSTERONE LEVELS ARE RELATED TO
ADULT PROVISIONING RATES IN FLORIDA SCRUB-JAYS (APHELOCOMA
COERULESCENS)
Abstract
We studied Florida scrub-jay (Aphelocoma coerulescens) nestlings to examine the
links among begging behavior, parental feeding rates, and levels of both baseline and
stress-induced corticosterone (CORT), a metabolic and stress-related steroid hormone
hypothesized to play a role in mediating begging behavior. We confirmed that nestling
Florida scrub-jays exhibit a CORT response to handling and that the magnitude of the
response was less than that of an adult. Supporting the hypothesis that begging is an
honest signal of nestling need, the number of begs was positively correlated with number
of parental feeds. As in adult Florida scrub-jays, baseline CORT levels predicted an
individual’s stress-induced CORT response. Nestling CORT levels varied as a function of
parental provisioning rate and the time since their last feed. Counter to our predictions,
higher provisioning rates and more recent feedings were associated with increased CORT
in nestlings. These results suggest that some aspect of parental provisioning can lead to
an increase in CORT levels in nestlings.
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Introduction
Numerous factors, both pre- and post-hatch, influence the development of altricial
birds. Nestlings are dependent on parents for thermoregulation, food, and protection, and
in many species young remain dependent for a period post-fledging. Both intrinsic and
extrinsic factors, including parental provisioning, sibling competition, growth rate, and
environmental conditions (Rensel et al., 2011; Yosef et al., 2013; Lynn and Kern, 2014,
2016), impact development of an individual. All of these factors contribute to the
likelihood of surviving to adulthood (Ridley, 2007; Mumme et al., 2015) and have lasting
effects on the phenotype of an individual (Monaghan, 2008; Schoech et al., 2011).
Understanding the relationships among the critical components of a nestling’s early
environment will help us understand how early life environment influences the survival
and success of an individual as an adult.
The adrenal steroid hormone corticosterone (CORT) can influence an individual’s
phenotype through organizational effects on the central nervous system (CNS) and the
hypothalamic-pituitary-adrenal pathway (HPA axis; see Schoech et al., 2011 for review).
CORT is higher during periods of stress, such as nutritional deficiency, and is
hypothesized to be involved in regulating nestling begging behavior (Smiseth et al.,
2011). Nestling begging behavior may signal nutritional need to parents, and if so,
parents should respond by provisioning the individual in need (Royle et al., 2002).
Indeed, satiated nestling eastern phoebes (Sayornis phoebe) beg with less intensity and
are provisioned less than food-deprived nestlings (Heist and Ritchison, 2016),
conversely, supplementing the amount of food to Cory’s shearwater (Calonectris
diomedea) nestlings decreased begging and decreased parental nest attendance (Quillfeldt
and Masello, 2004), providing evidence that nestling begging is an honest signal.
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However, increases in brood size will increase the demand upon parents, as well as
sibling competition. Food and time available for foraging are limited resources, so
parents must make decisions about which individuals to feed, potentially resulting in
preferential feeding (parent-offspring conflict, Trivers, 1974). For example, Du et al.
(2015) found that in horned larks (Eremophila alpestris), one nestling broods have a
faster growth rate, almost certainly due to the absence of sibling competition. While there
was no difference in feeding rate between horned lark nests with one or two nestlings, in
broods of three, parents fed the 3rd hatched nestling more than the other two, potentially
offsetting negative effects of sibling competition on the last-hatched nestling. Both lack
of sufficient food and sibling competition for the food delivered by the adults may elicit a
stress response in a developing bird, thus resulting in increased CORT levels.
The basic model for the relationship between CORT, begging, and parental
provisioning posits that nutritional deficiency results in increased nestling CORT levels,
which in turn serves to both mobilize energy stores and to stimulate increased begging,
thereby signaling parents of nestling needs (Kitaysky et al., 2003; Loiseau et al., 2008). If
begging is a functional signal to parents, then nestlings that beg more should receive
increased parental provisioning. Consequently, those that are fed more should then have
decreased CORT for a period while satiated. As time passes and nestlings become
hungry, begging levels should increase as nutritional need and CORT levels increase
(Figure 1). In a previous study, we fed a single nestling Florida scrub-jay within a brood a
CORT-injected waxworm (testing the relationship between parts 1 and 2 of Figure 1) and
found the behavior of all nestlings, both treatment and controls, within the brood was
affected (Elderbrock et al., in review). This suggests that elevated CORT levels can
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stimulate begging in Florida scrub-jay nestlings, although elevated CORT may not be a
prerequisite for increased begging. However, the relationship between parental and
nestling behaviors and nestling CORT levels are still unclear (for review see Smiseth et
al., 2011). Also, investigation of the hormonal response and behaviors have been
temporally disconnected, with nestling CORT measured either several days after adult
behavioral measurements (Rensel et al., 2010b) or after several weeks of nutritional
deficiency in nestlings (Kitaysky et al., 2001). Few studies have examined whether a
nestling individual’s experience immediately prior to blood sampling influences
glucocorticoid levels, especially in a free-living organism.
In the Florida scrub-jay, there is evidence that nestling baseline CORT levels are
influenced by their parents’ nest attendance as nestlings with mothers that spent less time
at the nest on days 3-5 post-hatch had higher CORT levels at 11 days of age (Rensel et
al., 2010b). If maternal behavior influences nestling CORT levels, then an individual’s
overall CORT exposure during the nestling stage likely reflects parental provisioning and
the resulting sibling competition. A 33 year study on Florida scrub-jays found that
nestling body mass is positivity related to survival to nutritional independence at ~70-90
days of age (Mumme et al., 2015). Additionally, Rensel et al. (2011) found that there is a
negative relationship between body mass and CORT levels of Florida scrub-jay nestlings,
suggesting links among CORT levels, body mass, nutritional state, and survival.
In this study, we investigated the hypotheses that 1) nestling begging stimulates
adult provisioning and 2) nestling CORT levels decrease after adult provisioning. We
monitored nestling begging, parental provisioning, and baseline and stress-induced
CORT levels in 11 day old Florida scrub-jay nestlings. We assessed the behavioral
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measures in the hour prior to taking blood samples for CORT analyses, providing
information as to an individual’s experience just before the blood sample was taken. We
predicted that: 1) nestlings that begged more compared to their siblings would be fed
more by parents; 2) nestlings provisioned at the highest rates would have the lowest
CORT levels; and 3) individuals that had not been fed recently would have relatively
elevated CORT levels.

Figure 1. Hypothesized relationship among nestling begging, CORT, and parental feeds.
As a nestling becomes hungry, CORT levels increase (1) stimulating an increase in
begging (2). Adults increase provisioning in response to nestling begging (3), resulting in
decreased CORT levels as the nestling becomes satiated (4). Subsequently, nestling
ceases begging (5), resulting in decreased provisioning (6). The cycle is begun anew
when CORT levels increase (1) when nestling nutritional need increases.

Methods
Study species
This study was conducted on a population of Florida scrub-jays located at
Archbold Biological Station in Venus, FL (27˚10΄N, 81˚2l΄W) during the breeding
seasons of 2013 and 2014. Florida scrub-jays are cooperative breeders that exhibit biparental care, although only breeder females incubate eggs and brood nestlings.
44

Additionally, whereas non-breeding helpers assist with some amount of provisioning
(i.e., during the last half of the nestling period and post-fledging), only ~50% of
territories have helpers (Woolfenden and Fitzpatrick, 1984). They are non-migratory and
socially and genetically monogamous (Quinn et al., 1999; Townsend et al., 2011). All
Florida scrub-jays in the population are uniquely identified with a U.S. Geological
Survey aluminum band and two or three color bands. Florida scrub-jays allow researchers
to approach and monitor their nests and offspring with no adverse effects on nest
productivity (Elderbrock et al., in review). Florida scrub-jay nestlings fledge 16-18 days
post-hatch, and remain nutritionally dependent on parents and non-breeding helpers until
approximately 70 days of age. All protocols were conducted as allowed under permits
issued to SJS by the USF&WS (TE-117769-6) and USGS Bird Banding Laboratory
(23098).

Nest Monitoring
A total of 47 nestlings from 20 nests were included in this study (2013: 12 nests;
2014: 8 nests). Only broods that were not involved in ongoing manipulations for other
studies were included. All Florida scrub-jay nests were located during the nest building
stage and received the following monitoring protocol. Beginning on the projected day of
hatch (based on clutch initiation date), nests were checked at approximately 8 am, 12 pm,
and 4 pm to determine hatch order. Once hatched, nestlings were weighed and uniquely
marked with a dab of red nail polish on a toenail. In cases in which more than one
nestling hatched between visits, hatch order was assigned based on body mass (Rensel et
al., 2011). Nestlings were reweighed and toenails were repainted on days 5 and 8 post-

45

hatch. On day 11 post-hatch nestlings were also reweighed and they received a U.S.
Geological Survey aluminum band and one color band. On this day, blood samples were
taken for CORT assessment (described below) and sex determination.

Behavioral Monitoring
Nests were monitored with high definition cameras (JVC HD Everio, GZHM440) on day 11 post-hatch in the morning (~0930-1130 am) for a minimum of 90
min. A camera was attached to the top of an adjustable pole (1.9-3.2 m) and the height
was adjusted as needed to allow for a view into the nest that permitted all nestlings and
visiting adults to be seen clearly. Cameras were located ~3-5 m from a nest in less than 5
min post-arrival at the site, and the position and identity of all nestlings in the nest were
identified on camera before the researcher left. Adults returned to the nest shortly after a
researcher departed the site, and neither adults nor nestling jays showed signs of being
disturbed by the presence of the camera (e.g., looking at the camera, avoiding having
their back to the camera, etc.; Elderbrock et al., in review). All groups had been
previously exposed to the camera during monitoring on both days 5 and 8 for a related
study.

Blood Sampling and CORT Analysis
All blood samples were collected between 1100-1300 on day 11 post-hatch. A
single researcher (EKE) returned to the nest at the end of video recording and a timer was
started to record time-since-disturbance. The position and identity of each nestling was
again identified on camera, and all nestlings were then removed from the nest and carried
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to a site ~30 m from the nest where 2-3 other researchers were waiting. Blood samples
(~100 µl) were collected simultaneously from the nestlings to ensure all samples were
̅ ± SD; see Romero and
collected within 2 min of nest disturbance (1:29 ± 0:32 min:sec, X
Reed, 2005; Small et al., 2017). To assess stress responsiveness, a second blood sample
̅ ± SD).
(~100 µl) was taken at 10 min post nest disturbance (10:43 ± 0:51 min:sec, X
Nestlings were handled in between the baseline and 10 min sample while morphological
measures were taken and bands were placed on their legs.
Blood samples were collected in heparinized hematocrit tubes from the brachial
vein following venipuncture with a 26-gauge needle. Samples were placed on ice,
transported to the lab within 1-2 hrs of sampling, and centrifuged for 5-7 min at 12000
rpms. The plasma was removed, placed into individually labeled O-ring sealed cryo-vials,
and frozen until CORT analysis at the University of Memphis.
Samples were assayed using the Cayman 500655 Corticosterone Enzyme-Linked
Immunosorbent Assay (ELISA; Cayman Chemicals, Ann Arbor, MI) following the
manufacturer’s recommended protocol. All samples from a single year were assayed on
the same day with all individuals from a brood run on the same plate. Baseline and stressinduced CORT samples from the same individual were also run on the sample plate. All
samples were diluted 1:20 in EIA buffer prior to assay. This dilution assured that binding
values were within the linear portion of the sigmoidal standard curve (i.e., between 15
and 65% bound). Internal control standards of known CORT concentration were included
on each plate (intra-assay CVs ≤ 3%; inter-assay CV < 5%).
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Video Analysis
Because we were interested in the relationship between provisioning, nestling
begging, and whether provisioning influenced nestling CORT levels, we used the
behavioral data from the hour prior to nestlings being removed for processing (i.e., the
last 60 min of the 90 min video recording). Only the last 60 min of behavioral videos was
included in the analysis to prevent the inclusion of data from nestlings that may have
been acutely influenced by handling during setting camera set up. Handling nestlings can
cause an increase in CORT in Florida scrub-jays, but this effect is gone within 15 min
post-handling (Elderbrock et al., in review). Because the position of each nestling was
individually identified at the beginning and end of a recording session, the positions of
individual nestlings could be tracked throughout. This allowed for the number of begs
and feds to be recorded for each nestling. Begging was defined as anytime a nestling
raised its head and opened its bill. A feeding event (or feed) was noted when an adult jay
placed food directly into a nestling’s mouth. We then determined the amount of time in
seconds between the last time an individual was fed and the blood sample was collected.
We also determined the total amount of time the female breeder spent at the nest over the
60 min period.

Statistical Analysis
CORT levels (baseline and stress-induced) were square root transformed to meet
assumptions of normality. The baseline CORT levels of four individuals were excluded
due to a sampling or assay error that resulted in CORT levels of over 100 ng/mL, a level
well beyond the maximum achieved by an adult Florida scrub-jay, much less that of a
nestling (see Rensel et al., 2010a). Two other individuals were removed because their
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baseline levels far exceeded their stress-induced CORT level (collected 10 min after the
baseline sample), suggesting either a sampling error or a prior experience that left them
highly stressed.
To consider if CORT increased between baseline and 10 min post capture, we
ran a repeated measures linear mixed model (LMM) with CORT as the dependent
variable, sample time (baseline vs. 10 min) as an independent variable and nestling ID as
a random variable. We also used linear mixed models (LMM) to investigate the
relationship between baseline and stress-induced CORT with baseline CORT as the
dependent variable.
We investigated the relationship between nestling begging and adult provisioning
for each nestling in a LMM with nestling begging as the dependent variable. Nest of
origin was included as a random variable in each model. We then investigated whether
female nest attendance and nestling CORT were related by running two LMMs with
nestling baseline and stress-induced CORT as the dependent variables. Nest of origin was
again included as a random variable because nestlings within the same nest experienced
the same nest attendance.
To determine whether nestling CORT was related to adult provisioning, we ran
two LMM models, one with baseline CORT and a second with stress-induced CORT as
the dependent variable. Included in each model were two measures of adult provisioning:
time since the nestling was last fed and total number of feeds to that nestling in the last
hour, along with their interaction. Nest of origin was included as a random variable. We
also included nestling mass on day 11 as a random factor in both models given that
Rensel et al. (2011) found that mass on day 11 contributed to nestling CORT. To further
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investigate an interaction effect between time last fed and total number of feeds (see
results), the nestlings were divided into three groups of equal sample sized based on
number of feeds received over the past hour: 1-2 feeds (N = 13), 3 feeds (N = 13), and 48 feeds (N = 14). For each of the three groups, a linear regression was used to evaluate
the relationship between time since last fed and CORT levels. JMP 10.0 was used for all
statistical analyses.

Results
Nestling stress response
A 10 min handling stress greatly increased CORT levels relative to baseline in the
same 11 day old nestlings (F1,64.7 = 405.16; P < 0.0001) and baseline and stress-induced
CORT were correlated in the same individual (Figure 2; F1,52.7 = 5.13; P = 0.03). This
result supports the finding of Rensel et al. (2010a) that nestlings respond to a handling
stress at this age, but the current study is the first to collect both a baseline and stressinduced CORT sample from the same Florida scrub-jay nestling. Similarly, the link
between an individual’s baseline and stress-induced CORT levels agrees with previous
results (Small et al., 2017) in which baseline CORT predicted stress responsiveness in
adult FSJs.
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Figure 2. Baseline CORT (< 2 min after nest removal) and stress-induced CORT (10 min
handling) are correlated in day 11 individuals (F1,52.7 = 5.13; P = 0.03).

Parental provisioning and nestling begging
The number of times an individual nestling begged and the number of feeds it
received from an adult were positively related (Figure 3; F1,43.1 = 12.07, P = 0.0012).
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Figure 3. Correlation between the number of begs and number of feeds received by
nestlings on day 11 post-hatch (F1,43.1 = 12.07, P = 0.0012).

Parental provisioning and CORT levels
Nestling baseline CORT was higher in individuals that had been fed more
recently (Figure 4; F1,34.8 = 6.41, P = 0.02). Number of feeds per hour did not significantly
influence baseline CORT (F1,31.2 = 0.34, P = 0.57), but there was an interaction between
time since being fed and the number of feeds an individual received in the 60 min
observation period (F1,36.9 = 7.50, P = 0.001). We further investigated this interaction by
dividing individuals into 3 groups based on sample size, each of which represented 1/3 of
the total number of nestlings (i.e., 1-2, 3, and 4-8 feeds received during the previous
hour) and found that baseline CORT was only elevated in individuals that were fed both
more frequently, and more recently (R2 = 0.33, P = 0.02; Figure 5C). There was no
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relationship between baseline CORT and time since last fed in individuals that received
the lowest number of feeds (R2 = 0.0003, P = 0.95; Figure 5A) or the moderate number of
feeds (R2 = 0.15; P = 0.10, Figure 5B).
Nestling CORT responsiveness following 10 min of handling was influenced by
the time since an individual had been fed (Figure 6; F1,23.4 = 5.97, P = 0.02) but not by the
number of times an individual was fed (F1,7.2 = 1.24, P = 0.30). There existed, however, a
significant interaction between these two measures (F1,13.1 = 4.46, P = 0.05).
Neither nestling baseline (F1,14.5 = 2.84, P = 0.11) nor stress-induced CORT levels
(F1,16.9 = 1.46, P = 0.24) were influenced by female nest attendance.

Figure 4. Nestling baseline CORT and the time since the individual nestling last received
food (F1,34.8 = 6.41, P = 0.02). Blood samples were taken with 2 min of nest disturbance.
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Figure 5. Interaction between the time an individual was last fed and the total number of
feeds it received in the last hour prior to blood samples being taken. Nestlings have been
separated into equivalent groups representing those that received A) 1-2 feeds, B) 3
feeds, and C) 4-8 feeds over the course of the previous hour. There was a significant
relationship between time since last fed and baseline CORT in the most frequently fed
individuals only (R2 = 0.33, P = 0.02; Panel C).

Figure 6. Nestling CORT after 10 min of handling stress and the time since the last feed
(F1,23.4 = 5.97, P = 0.02).
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Discussion
This study revealed that both baseline and stress-induced CORT levels are
significantly influenced by the time that had elapsed since parental feeding; however, the
negative direction of the relationship was counter to both our predictions and past
findings in this system. Previously, in a study that examined the effects of parental
provisioning rates on Florida scrub-jay nestlings’ HPA axis development, Rensel et al.
(2010b) found that nestlings in broods with higher provisioning rates on days 3-5 post
hatching had relatively low baseline CORT levels on day 11. However, the lack of
agreement between the two studies can likely be explained by methodological
differences, as the 6-8 day temporal separation between the behavioral measurements and
CORT sample collection differs greatly from the current study. Further, provisioning rate
in the Rensel et al. (2010b) study was based on total food provided to a brood, not to each
individual nestling. In the current study, we tracked each individual nestling over the
hour prior to blood sampling, thus allowing for a more temporally-linked investigation of
whether the individual’s experience immediately prior to sample collection influenced
CORT levels.
Previous studies have found that CORT is higher in individuals that are
nutritionally deprived (Kitaysky et al., 1999, 2001; Pravosudov and Kitaysky, 2006), thus
we expected that nestlings that had not been fed recently would have elevated CORT
levels. We predicted CORT levels would increase in food-deprived nestlings, facilitating
the mobilization of energy and acting centrally, both of which would allow increased
begging (Kitaysky et al., 2003; Loiseau et al., 2008, Smiseth et al., 2011). If begging is an
honest signal to which provisioning adults respond, then adults should increase feeding
rates in response to increased begging (Kilner and Johnstone, 1997; Royle et al., 2002).
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However, the parental response may not match the nestlings’ begging as resources are
potentially limited (Trivers, 1974; Elderbrock et al., in review). Once an individual is
satiated, CORT levels would then decrease until enough time passes that an individual
becomes hungry again (Figure 1). However, in this study we found that although
nestlings that begged more were fed more, those individuals that were fed more recently
prior to sample collection had higher CORT levels (Figure 4). Although speculative,
there are two likely, although not mutually exclusive hypotheses that may explain our
findings. First, an up-regulation of the HPA axis facilitates the metabolic increase that
will accompany digestion of the recent parental feed. Second, because the half-life of
CORT in adult birds is estimated to be between 8-22 min (Carsia and Harvey, 2000),
CORT levels could have been elevated in nestlings prior to their having been fed, and
thus levels remained elevated in the more recently fed nestlings.
In our examination of the relationship between nestling baseline and stressinduced CORT levels and time since last fed, there was an interaction between the time
since an individual had been fed and the number of feeds it received over the last hour.
To further investigate this interaction, we looked at the relationship between time since
last feed and baseline CORT in nestlings that received a low, medium, or high number of
feeds in the previous hour (Figure 5). This follow-up analysis revealed that nestling
CORT levels were higher in individuals that had been fed more recently in the high feeds
per hour group (Figure 5C). This suggests that some factor(s) associated with being fed
(e.g., the act of begging, presence of parents, receiving food) elevates CORT, but then
because of negative feedback, crosstalk between satiety centers and the HPA axis, or
both, CORT levels decrease over time. If CORT levels increase in anticipation of, or in
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response to being fed, then CORT levels would remain relatively low for those
individuals that experience longer wait times between provisioning visits (see Figure 5A
and B). However, if CORT release is tied to food receipt, then in individuals that are
more frequently fed, CORT levels may remain elevated as the HPA axis is repeatedly
stimulated with no opportunity to return to low levels.
The metabolic functions of CORT are many with the end-point being to increase
available energy (i.e., glucose; Sapolsky et al., 2000). This is primarily accomplished
through hepatic gluconeogenesis, which converts the breakdown products of proteins
(amino acids) and fats (glycerol and fatty acids) to produce glucose. CORT also
selectively regulates utilization of glucose by non-essential tissues by decreasing
sensitivity to insulin, thus conserving glucose for use by critical cell types (Reeder and
Kramer, 2005). While CORT and metabolism are well studied in adult animals, less is
known about the nature of CORT’s role in the metabolism of young individuals,
including nestlings, although one study found that increased CORT exposure led to an
increase in overnight metabolic variability in zebra finch nestlings (Taeniopygia guttata;
Spencer and Verhulst, 2008).
As an alternative explanation for the association between parental feeding and
elevated CORT levels in nestlings, the more frequent provisioning visits by adults cause
an increase in activity within the nest, which, in turn, results in increased CORT
secretion. Similarly, more frequent nest visitations may increase bouts of sibling
competition, which may also increase CORT levels (Yosef et al., 2013; Braasch et al.,
2014). Increased CORT levels are hypothesized to increase activity (see Breuner et al.,
1998; Breuner and Wingfield, 2000), which during periods of nutritional deficiency
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would lead to increased foraging and food consumption (Pravosudov and Kitaysky,
2006). In a previous study in Florida scrub-jays, administration of CORT to a single
nestling within a brood did not increase begging in that individual relative to its siblings;
however, overall begging by treated broods was greater than that of broods in which no
nestling received CORT (Elderbrock et al., in review). This suggests that sibling
competition, in the form of increased begging, is important in the interactions between
nestlings and their parents. Begging behavior may not be directly related to nestling
CORT, but may be a result of interactions with siblings and parents. Further, Rensel et al.
(2010b) found that nestlings whose mothers spent more time near the nest had lower
baseline CORT on day 11, suggesting that presence of parents reduces stress in
developing young. We did not find a relationship between time a female parent spent at
the nest and nestling CORT, but our camera set up could not allow for us to monitor the
time that the female was within a certain range of the nest, as was done in the Rensel et
al. study.
We found that nestlings that begged more were fed more (Figure 2). However, we
cannot determine from this result whether nestlings beg in response to increased
provisioning visits to the nest, or whether adults return to the nest more frequently due to
increased begging. Alternatively, because food is a limited resource, parents are
responsible for determining which of their offspring to feed (Trivers, 1974), thus
preferential feeding may occur during each nest visit, with adults choosing to feed the
individual that begs a greater number of times. Brood size in Florida scrub-jays ranges
from 1-5 (although broods of 5 are rare) and although all nestlings are typically fed
regularly (i.e., one nestling does not starve), subtler preferential feeding may occur, such
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as parents prioritizing feeding of nestlings that beg more. Parents may also preferentially
feed an individual by providing members of the brood with disproportional amounts of
food during a provisioning visit. However, Florida scrub-jay adults typically hold the
food they bring to the nest inside their bill, which hides it from view of the camera, thus
we were unable to accurately measure the amount of food delivered to individuals in this
study. Previous studies on our population have estimated adult provisioning rates based
upon the estimated ‘bolus’ size of food delivered to a brood (see Mumme, 1992; Schoech
et al., 1996); however, because an adult may either deliver the entire bolus to a single
nestling, or divide it between more than one nestling, it is not possible to determine
whether a bolus of food is distributed equitably amongst nest mates.
This is the first study to examine both baseline and stress-induced CORT in
individual Florida scrub-jay nestlings, supporting previous findings that day 11 posthatch individuals have a functional HPA axis, albeit one that is not as stress-responsive as
that of an adult scrub jay. Rensel et al. (2010a) used a population-based method (i.e.,
samples from different individuals at different time-points rather than repeated samples
from an individual) to verify that nestlings exhibit a CORT response to handling. But,
because baseline and stress-induced samples were not taken from the same individual, the
magnitude of an individual’s response could not be determined. In the current study, both
baseline and stress-induced CORT levels were higher in nestlings that had been more
recently fed. This is of importance as overall exposure to CORT during development can
have cumulative effects on organization of the CNS (Monaghan, 2008; Schoech et al.,
2011).
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In conclusion, our predictions that provisioning would result in lower CORT
levels, and that time since receipt of food and CORT levels would be positively related
were not supported. Instead, we found the opposite as nestlings that had received both
more recent, and more frequent feeds, had higher baseline CORT levels. These results
suggest that either the act of feeding by parents, the process of digestion, sibling
competition, or some combination of the preceding cause increased baseline CORT
levels. As these results are unexpected, closer investigation of the total amount and
quality of food provided may provide insight into the links among nestling CORT and
nutritional state, adult nest visitation, and sibling competition.
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CHAPTER 4: NESTLING BEHAVIOR AND GROWTH PREDICTS FUTURE
STRESS RESPONSIVENESS OF INDIVIDUAL FLORIDA SCRUB-JAYS
Introduction
Across taxa, individuals within a population exhibit distinct behavioral and
physiological phenotypes (Baugh et al. 2012; Sih et al. 2012). In many instances, both an
individual’s behavioral and physiological responses are repeatable over time, suggesting
that certain characteristics make up an individual’s fixed phenotype (Cockrem et al.
2009; Rensel et al. 2011; Small & Schoech 2015). An individual’s phenotype will likely
influence how that individual interacts with its environment, thus impacting reproductive
success and survival (Dingemanse et al. 2004; Small & Schoech 2016). It remains
unclear when and how these phenotypes develop, although evidence suggests that it
occurs early in development, and that early exposure to environmental factors shapes
phenotype to match the conditions an individual experiences (Breuner 2008; Monaghan
2008).
Begging in avian species is thought to be an honest signal of an individual
nestling’s nutritional need (Royle et al. 2002) and thus may be representative of the
individual’s condition and needs at a given time. Begging elicits feeding from parents but
a parent is limited in the amount of food it can provide to its offspring, thus creating
conflicts between parents and offspring (“parent-offspring conflict”, Trivers 1974). When
a nestling is nutritionally deficient, secretion of the metabolic hormone, corticosterone
(CORT), is increased (Kitaysky et al. 2001; Pravosudov & Kitaysky 2006). This increase
in CORT secretion is hypothesized to promote increased begging in an effort to
compensate for the lack of food. However, studies of the hormonal regulation of begging
currently differ in their findings (for review see Smiseth et al. 2011). Treatment with
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CORT in several species elicited increased begging rates (Kitaysky et al. 2001, 2003;
Loiseau et al. 2008), while in other species CORT treatment increased the latency to beg
(Wada & Breuner 2008) or had no effect (Vallarino et al. 2006). In Florida scrub-jays
(Aphelocoma coerulescens), we found that exogenous CORT increased begging of both
the treated nestling and its untreated siblings, likely due to increased sibling competition
(Elderbrock et al. in review).
Early-life CORT exposure may shape the adult phenotype through organizational
effects on the developing central nervous system (for review see Schoech et al. 2011).
Nestlings may experience variable CORT exposure in response to fluctuations in a suite
of environmental factors, such as parental care, food deprivation, begging or activity,
sibling competition, and harsh weather conditions. The degree to which differential
CORT exposure due to variance in such factors shapes the future behavioral or
physiological phenotype of an individual is of considerable interest and debate
(Monaghan 2008; Schoech et al. 2011). However, few studies have examined the
relationship between nestling begging behavior and future phenotype, especially in freeliving species. In captive zebra finches (Taeniopygia guttata), head movements during
begging was positively related to future adult activity levels, although nestling body mass
was negatively correlated with adult activity levels (McCowan & Griffith 2014). Few
other studies have investigated the relationship between quantifiable, direct measures of
nestling behavior and the individual’s adult phenotype.
Although begging may reflect the environmental conditions an individual
experiences, certain aspects of nestling behavior are genetically inherited. For instance,
Brommer and Kluen (2012) found blue tit (Cyanistes caeruleus) nestling personality
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traits, including aggressive responsiveness to handling, breathing rate, and docility, covaried and were heritable. These results suggest that some aspects of nestling behavior
are an established, genotypically determined component of an individual’s phenotype,
and not necessarily just a reaction to current environmental conditions.
The stress-induced CORT response is repeatable in Florida scrub-jays and is
ecologically relevant, given links to parental care and longevity (Small & Schoech 2015;
Small & Schoech 2016). We investigated the hypothesis that the adult stress response
phenotype is established before or during early development by monitoring individual
jays from hatching into adulthood. We measured growth rate between days 5-11 and
nestling begging behavior at 5, 8, 11, and 13 days of age. The following spring, we
caught individuals at 1 year-of-age and exposed them to a standardized handling and
restraint test to determine their physiological stress response. We predicted that nestling
behavior and growth would be related to the future stress responsiveness of an individual.

Methods
Study species
The study was conducted during the 2012-2015 field seasons (Feb - May) on a
population of free-living Florida scrub-jays at Archbold Biological Station, in southcentral Florida (27˚10΄N, 81˚2l΄W). Florida scrub-jays are non-migratory, cooperative
breeders (Woolfenden & Fitzpatrick 1984), and are both socially and genetically
monogamous (Quinn et al. 1999; Townsend et al. 2011). All protocols were conducted as
allowed under permits issued to SJS by the USF&WS (TE-117769-6) and USGS Bird
Banding Laboratory (23098) and the University of Memphis (0697) and Archbold
Biological Station IACUCs (AUP-013-R).
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All nests were located during construction and subsequently monitored regularly
to determine clutch initiation date. On the projected day of hatching, nest checks were
conducted at 8 am, 12 pm, and 4 pm to determine order of hatching. Nestlings were
uniquely marked with nail polish on a toenail. If more than a single nestling hatched in
between nest checks, hatch order was assigned based on body mass (Rensel et al. 2011).
Nestlings were weighed again on days 5 and 11 post-hatch and these data were used to
determine growth rate (mean change in mass/day). At 11 days-of-age blood samples were
taken for sex determination and CORT analysis for a related study and nestlings received
a single color band and a USF&WS aluminum band.

Nestling behavior monitoring
We monitored behavior of nestling and adult jays at the nest for 90 min on days 5,
8, 11, and 13 post-hatch between 700-1100 am with high definition video cameras (JVC
HD Everio, GZ-HM440). Cameras were mounted atop an extendable pole that allowed us
an unobstructed view into the nest (see Elderbrock et al. in review). We determined the
frequency of begs by counting the total number of begs by each individual nestling over
the course of a 90 min video recording. A single beg was counted each time an individual
opened its beak in response to a parent’s nest attendance or other stimuli (parent-absent
begging, Romano et al. 2014). In some instances, because of the rare camera malfunction
or unusable camera footage, the occasional extreme weather event, or scheduling conflict,
data were not collected, resulting in differing samples sizes across the days of monitoring
(see below).
Murphy et al. (2015) report that observing behavior in a free-living species for an
hour is sufficient to gain meaningful information about parental behavior, although they
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recommend more time to allow for parents to return to the nest (i.e., begin the
observation period after the parents have returned). We feel confident that the 90 min
observation period provides us with relevant information about nestling and parental
behavior, especially because the jays are accustomed to the presence of researchers at the
nest and return to the nest shortly after recording begins (Elderbrock et al. in review).

Adult stress responsiveness
During January and February of the following year, 1 year-old jays were trained
to enter baited Potter traps. After a few days of training, jays were trapped between the
hours of 700-1100 am. We determined stress responsiveness with a standard capture and
restraint protocol that involved taking blood samples from the brachial vein at 0-2, 5, 15,
and 30 min post capture (Schoech et al. 2007). Individual jays were held in a looselywoven cloth bag in the shade between sample collections. We calculated the total CORT
exposure during this period (corrected integrated CORT which controls for baseline
CORT; see Cockrem & Silverin 2002; Small et al. 2017). Blood samples were kept cool
on ice packs, transported to the lab within 1-4 hrs of collection, and the plasma and red
blood cell fractions were separated with centrifugation. The plasma was drawn off,
transferred to an O-ring sealed cryovial, and frozen until analysis at the University of
Memphis.
Samples were assayed using the Cayman 500655 Corticosterone Enzyme-Linked
Immunosorbent Assay (ELISA; Cayman Chemicals, Ann Arbor, MI). All samples from a
given year were assayed on the same day with all samples from an individual run on the
same plate. Baseline samples were diluted 1:21 and the 5, 15, and 30 min samples were
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diluted 1:101 in EIA buffer prior to assay. These dilutions were used to assure that
binding values were within the linear portion of the sigmoidal standard curve (i.e.,
between 15 and 65% bound). Internal control standards of known CORT concentration
were included on each plate (intra-assay CVs ≤ 3%; inter-assay CV < 5%).

Statistical Analysis
Only data from jays that had been observed (video observations) as nestlings and
subsequently survived overwinter to approximately 1 year-of-age (~9-11 months of age)
were included in the analyses. Of the 35 individuals included in the study, some had been
included in related studies as nestlings. The parents of a subset of jays (N = 13) had
received supplemental food via an automatic feeder that distributed waxworms to be fed
to the nestlings (feeder treatment). A second subset (N = 12 had been included in a
CORT study that involved dosing a single nestling per nest with CORT twice daily on
days 8-10 and once on day 11 (CORT treatment; Elderbrock et al. in review). Of these 12
individuals from the CORT groups, five received vehicle only, four received CORT
treatment, and three were siblings in the treatment nests that did not receive either
treatment or vehicle. The third subset (N = 10) were not involved in either of the above
mentioned studies, but received monitoring as described in the study species methods
section (control treatment). We included “nest treatment” as a random factor in all
models to control for any influence of these treatments on nestling behavior and longterm stress responsiveness.
Stress-induced CORT levels were square root transformed to meet assumptions of
normality. We first used a repeated measures linear mixed model (LMM) to determine
whether nestling begging behavior (# of begs/90 min as the dependent variable) and
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CORT phenotype at 1 year-of-age were related. We included stress-induced CORT and
day (5, 8, 11, and 13 post-hatch), as well as their interaction as fixed factors. Day post
hatch was included in the model to determine whether there was an effect of
developmental stage on stress-induced CORT. For example, if behavior in the first few
days post hatch represented future phenotype but is then potentially obscured as nestlings
grow and competition for food increases, averaging the behavior across the four days of
monitoring would mask any potential differences. Nestling treatment (control, CORT,
and feeder) and individual ID nested within natal nest were included as random factors.
Following a statistically significant effect of day (P ≤ 0.05), a Tukey HSD post hoc test
was conducted to determine how begging rate changed over the four days of monitoring.
Secondly, following a significant interaction between CORT and day (P ≤ 0.05), we ran
separate linear regressions to determine the direction of the relationship between stressinduced CORT at 1 year-of-age and the number of begs on a given day (5, 8, 11, and 13
post-hatch). The separate linear regressions (see below) were necessary due to stressinduced CORT and number of begs being continuous variables. A Bonferroni correction
for multiple comparisons was set at 0.0125 for the linear regression post-hoc analysis.
We investigated the relationship between CORT levels at 1 year-of-age and
nestling growth rate from days 5-11 with a LMM with stress-induced CORT as the
dependent variable. Nestling treatment (control, CORT, and feeder) was included as a
random variable. JMP 10.0 was used for all statistical analyses.
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Results
Nestling begging varied significantly across the four days of observations (F3,49.2
= 8.08, P = 0.0002). Post hoc analysis revealed that the number of begs were similar on
days 5 and 8 (P > 0.05), but the begs on these days differed from days 11 and 13 (all P <
0.05). Begging rate was also similar on days 11 and 13 (P > 0.05).
Overall begging rate and adult stress-induced CORT levels were not related
(F1,24.3 = 0.07, P = 0.80); however, there was an interaction of day and stress-induced
CORT levels (F3,50.6 = 5.74, P = 0.002). Post hoc analysis revealed that the relationship
between begging and stress-induced CORT differed on different days (Figure 1).
Although none of the relationships met the level of significance at 0.0125 after a
Bonferroni correction, there are clear trends in the data. There was a trend towards a
negative relationship with number of begs and stress-induced CORT on day 5 (F1,17 =
5.40, P = 0.03) and day 8 (F1,23 = 3.52, P = 0.08), but a trend towards a positive
relationship on day 13 (F1,24 = 5.38, P = 0.03). There was no relationship between stressinduced CORT and begging on day 11 (F1,30 = 0.69, P = 0.41).
Nestling growth rate between days 5-11 post-hatch was positively correlated with
stress-induced CORT at 1 year-of-age (Figure 2; F1,26.3 = 7.50, P = 0.011).
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Figure 1. Total number of nestlings begs and stress-induced CORT at one year-of-age
across the four different days of behavioral monitoring.
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Figure 2. Stress-induced CORT at one year-of-age and nestling growth rate from days 511 post-hatch (F1,26.3 = 7.50, P = 0.011).
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Discussion
This study is one of the first to reveal a connection between an individual’s
behavior as a nestling and physiology as an adult. Both nestling growth and behavior
predicted future stress responsiveness in a free-living species. However, the direction of
the relationship between CORT levels and nestling behavior changed during
development, suggesting plasticity in the developmental strategies employed by Florida
scrub-jays.
The physiological stress responsiveness of adult Florida scrub-jays is highly
repeatable and related to longevity and parental behavior (Small & Schoech 2015, 2016,
respectively). Thus, this characteristic appears to represent a component of an
individual’s established phenotype, one that may be organized during development
(Wada & Breuner 2008; Schoech et al. 2011). The degree of CORT exposure early in life
is correlated with stress responsiveness in Florida scrub-jays at one year-of-age, likely as
a result of organizational effects of CORT on the developing central nervous system (see
Chapt. 4). We’ve also identified links between nestling behavior and CORT exposure
during development in this species (Elderbrock et al. in review). In the current study, we
investigated whether an individual’s behavior in the nest is related to its stressresponsiveness (stress-induced CORT) as an adult. If begging behavior reflects
environmental conditions (e.g., nutritional status, sibling competition, parent-offspring
conflict) and covaries with nestling CORT release that shapes the individual’s phenotype,
then nestling behavior may in a sense organize the future phenotype. Alternatively, if the
phenotype is already established prior to hatching (e.g., is genetically determined or is a
result of maternal effects, such as allocation of hormones or nutrients to the egg), a link
between nestling behavior and CORT responsiveness as an adult may suggest that
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nestling behavior is a part of an individual’s phenotype that is established either
prenatally or in the first days of development.
Begging rates changed across the experimental period. Thus, rates were higher on
days 11 and 13 than on days 5 and 8 post-hatch. This increase in begging in older
nestlings is likely due to the increased nutritional need as individuals grow (Karasov &
Wright 2002) and their overall increase in activity (EKE pers. obs.).
The relationship between nestling behavior and CORT also changed across the
four days of behavioral monitoring. There was a trend for the relationship between stressinduced CORT and nestling begging rate to switch from negative on days 5 and 8 posthatch, to positive by day 13 post-hatch (Figure 1). This indicates that individuals that beg
more earlier in the nestling stage (i.e., days 5 & 8) will ultimately have lower stressinduced CORT at one year-of-age, while those that beg less at this earlier stage have
higher CORT levels at one year-of-age. Between days 8 and 13 post-hatch, this
relationship changes, such that nestlings that beg the least on day 8 exhibit lower adult
stress-induced CORT levels than those that beg more. The timing of this switch is of
interest, and may be related to other developmental processes that are occurring during
this time, including feather growth and the switch from ectothermy to endothermy.
The age of endothermy is described as the stage at which nestlings are
homeothermic (Dunn 1975). Although we do not know the exact age at which Florida
scrub-jay nestlings transition from ecotothermy to endothermy, we can estimate the stage
based on feather growth. In Florida scrub-jays, several tracts of feathers located on the
dorsum begin to protrude around day 4 post-hatch, but other tracts do not begin to grow
until days 7-9. Primary feathers on the wings erupt around days 10-13 and continue to
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grow until day 15, only several days before the nestlings fledge (Woolfenden 1978).
Thus, nestlings are not yet fully feathered at day 8 and the timing of the transition we see
in begging strategy occurs around the time that nestlings likely switch from ectothermy to
endothermy.
We also found that nestling growth rate between days 5 and 11 post-hatch was
positively correlated with an individual’s stress-induced CORT level at one year-of-age
(i.e., nestlings that grew faster during the day 5-11 period exhibited higher stress
responsiveness while those with slower growth had lower stress responsiveness at one
year-of-age). It’s interesting (though somewhat confounding) to note that nestlings that
begged less also grew faster during earlier stages of development and that these
individuals also were more stress-responsive as adults. A study in nestling zebra finches
manipulated nutrition to the extent that deprived nestlings underwent compensatory or
catch-up growth, which in turn resulted in higher metabolic rates in adults (Criscuolo et
al. 2008). Similarly, our study reveals a long-term effect of nestling growth rate on adult
physiology and, as was the case with zebra finches, higher growth rates resulted in an
elevated stress-induced CORT response in adulthood.
Begging at high levels can be costly and impede both growth (Soler et al. 2014)
and immunocompetence (Morena-Rueda 2010). As such, modifying begging rates at
different points during the nestling stage may be a developmental strategy to conserve
energy and ameliorate such costs. It is possible that individual nestlings employ different
temporal strategies regarding the potential energetic trade-off between begging and other
developmental processes. However, many variables, including parental behavior and
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sibling competition could impact nestling behavior. Further analysis will be required to
determine if, and to what degree, parents play a role in this process.
Our results suggest that an individual’s phenotype is established early in life, and
that individuals exhibit “personality” traits before fledging from the nest. Whether this
phenotype is established pre-hatch, or is regulated by the environment remains unknown.
Future cross-fostering studies are necessary to separate pre- and post-natal effects of
parental care and environmental conditions on the behavior and growth of individuals.
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CHAPTER 5: DEVELOPMENTAL CORTICOSTERONE TREATMENT
INFLUENCES FUTURE PHENOTYPE IN FLORIDA SCRUB-JAYS

1.0 Introduction
A variety of environmental factors affect the development of young in ways that
modify their adult phenotype (Sih, 2011). The long-term effects of early life stress are
evident across the animal kingdom including humans (Roseboom et al., 2001), rodents
(Liu et al., 1997), and birds (for review see Schoech et al., 2011). Early exposure to
circulating hormones, including glucocorticoids (GCs) secreted in response to stressful
events, can have lasting effects at many levels, including telomere length (Monaghan &
Haussmann, 2015), cognition (Pravosudov et al., 2005), behavior (Sih, 2011), and the
function of both the hypothalamic-pituitary-adrenal (HPA) axis (Wada & Breuner, 2008;
Schoech et al., 2011) and the hypothalamic-pituitary-gonadal (HPG) axis (Schmidt et al.,
2014).
Altricial young are exposed to organizational effects of GCs both pre- and postnatally. Developing embryos may be exposed to stressors through maternal secretion of
various hormones (Groothuis & Schwabl, 2008; Marasco et al., 2012; Love et al., 2013),
but critical systems continue to develop post-hatch and individuals continue to be
vulnerable to circulating hormones. Although they are restricted to the nest, at several
days post-hatch, altricial young exhibit a functional HPA axis (Sims & Holberton, 2000;
Rensel et al., 2010). Stressors related to poor environmental conditions, such as
nutritional deficiency (Pravosudov & Kitaysky, 2006), competition with siblings (Yosef
et al., 2013), or exposure to cold temperatures (Lynn & Kern, 2014), activate the HPA
axis resulting in the release of glucocorticoids.
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A functional HPA axis may allow early exposure to GCs to act in a manner that
facilitates matching an individual’s phenotype to the environment that it will encounter as
an adult, thus increasing chances of survival (“maternal/fetal match hypothesis,” Breuner,
2008; Monaghan, 2008). For example, if a developing individual experiences harsh
conditions (i.e., food deprivation) while in the nest, the resulting elevations in the avian
GC, corticosterone (CORT), may induce a phenotype that is best suited to cope with
suboptimal conditions after fledging. The effects of CORT exposure during development
may serve to organize the phenotype of the offspring to one that will be better suited to
survive the post-fledging period, resulting in a fixed adult behavioral and physiological
phenotype (Schoech et al., 2011; Schoech & Small, 2015; Bebus et al., 2016).
In many instances, both an individual’s behavioral and physiological responses
are repeatable over time, suggesting that these are permanent aspects of an individual’s
phenotype that may be subjected to selection within a population (Cockrem et al., 2009;
Small & Schoech, 2015). Further, these behavioral and physiological phenotypes have
implications on the fitness and longevity of an individual (Dingemanse et al., 2004; Small
& Schoech, 2016). The proximate mechanisms responsible for directing an individual to
a particular phenotype are still unclear, but evidence suggests that increased CORT has
epigenetic effects on DNA methylation that may impair the negative feedback system
through CORT receptors, thus resulting in CORT secretion that tends to exhibit both
elevated amplitude and increased duration (Zhang et al., 2006; Murgatroyd et al., 2009).
Characterizing the effects of CORT exposure during development will increase our
understanding of how early experiences influence an animal’s response to its
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environment. Such understanding may facilitate future conservation efforts for many
species.
Few long-term studies have been conducted on free-living species, given the
difficulty required to track individuals from development into adulthood. Our study
species, the Florida scrub-jay (Aphelocoma courelescens) is an ideal system for a longterm study on the early effects of CORT exposure, because not only do Florida scrub-jays
spend their entire lives within a few hundred meters of their natal territory, but they also
exhibit long-term consistency in their stress response (Small & Schoech, 2015) and
neophobic behaviors (Bebus, 2016). Further, there is evidence that neophobia is
established early in life as baseline CORT levels in 11-day-old nestlings “predict”
timidity/boldness at 7-8 months of age (Schoech et al., 2009). However, because these
previous findings are correlational, further studies are necessary to tease apart the
complex interactions by which differential developmental exposure to CORT influences
the development of the adult phenotype.
We investigated the hypothesis that developmental CORT exposure has long-term
effects on the adult phenotype of a free-living animal. In a previous study, a subset of
nestlings received a twice daily oral dose of CORT for 3.5 days during the nestling stage
and their behavior and growth were monitored (Elderbrock et al., in review). In the
present study, we tracked these individuals into adulthood and determined their
physiological stress responsiveness and degree of neophobia at 1 year-of-age. We
predicted that exogenous CORT exposure during development would result in both an
exaggerated CORT response and a more “timid” or neophobic adult phenotype.
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2.0 Methods
2.1 Study Species
This study was conducted during the field seasons of 2012-2015 (Jan-June) on a
free-living population of Florida scrub-jays at Archbold Biological Station in southcentral Florida (27˚10΄N, 81˚2l΄W). Florida scrub-jays are socially and genetically
monogamous (see Quinn et al., 1999; Townsend et al., 2011), as well as and nonmigratory (Woolfenden & Fitzpatrick, 1984). Florida scrub-jays are cooperative breeders
and live in family groups that average three jays, although approximately half of the
breeding pairs do not have non-breeding helpers (Woolfenden & Fitzpatrick, 1984).
Although Florida scrub-jays may delay breeding for up to 1-3 years, some individuals
attempt to breed at one year-of-age. Nestlings are altricial and parents exhibit bi-parental
care, although only breeder females incubate and brood. The nestling period is
approximately 18 days, and juveniles continue to rely on adults for protection and food
until they reach nutritional independence around 70 days post-hatch (Woolfenden &
Fitzpatrick, 1984).
All jays in the study population are uniquely color banded and monitored from
hatching until they either die or leave the population. All nests were found during
construction, monitored to determine clutch initiation, and checked multiple times on the
projected day of hatch. Nestlings were uniquely marked with nail polish on a toe based
on hatch order, and re-marked every several days until 11 days-of-age when they receive
a color band and a U.S. Geological survey aluminum band. At nutritional independence,
all jays were caught in baited potter traps and received 1-2 additional color bands.
All protocols were conducted as allowed under permits issued to SJS by the
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USF&WS (TE-117769-6) and USGS Bird Banding Laboratory (23098), as well as the
IACUCS of the University of Memphis (0697) and Archbold Biological Station (AUP013-R).

2.2 Nestling CORT Treatment
Nestlings received a twice-daily CORT dose via feeding of a CORT-injected
waxworm (Galleria mellonella) on day 8-10 post-hatch and one dose in the AM of day
11. Only one individual within a nest received CORT treatment (CORT fed), while a
second nestling received a vehicle-injected waxworm (vehicle fed). Any additional
nestlings in the nest received no worm (not fed), but were exposed to the same handling
during nest visitation. The treatment and validation of the dosage are detailed in
Elderbrock et al. (in review). The dosage resulted in CORT levels that were within the
physiological range of stress-induced CORT levels reached by FSJ nestlings (see Rensel
et al., 2010).
Our CORT manipulation experiment was conducted in the breeding seasons of
2012-2014. Due to overall low numbers of individuals that survive to one year-of-age in
this species (Woolfenden & Fitzpatrick, 1984) and markedly variable inter-year
productivity, sample sizes varied among years. In 2012, we included 7 nests in the study
(7 CORT fed, 7 vehicle fed, 8 not fed nestlings); in 2013, 15 nests (15 CORT fed, 15
vehicle fed, 15 not fed nestlings); and in 2014, 11 nests (11 CORT fed, 11 vehicle fed, 7
not fed nestlings). From these original individuals, 10 CORT fed, 8 vehicle fed, and 6 not
fed individuals survived to 1 year-of-age. Although low, this survival rate matches that of
nestlings not involved in this manipulation study (see below).
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2.3 Adult Physiological Stress Response
During the pre-breeding seasons of 2013-2015, all jays that were included in the
CORT treatment study as nestlings were trapped in the following spring in their first year
of life (~9-11 months old). HPA axis responsiveness was determined with a standard
capture and restraint protocol (Schoech et al., 2007). Birds were trained to enter baited,
wired-open Potter traps to receive peanuts (a favorite treat) and after training, were
captured in the walk in traps. Trapping took place between 700-1100am to control for
daily fluctuations in CORT release. A blood sample was collected from the brachial vein
of the bird in heparinized microhematocrit tubes after venipuncture with a 26 gauge
̅ ± SD]) for a baseline sample (Romero &
needle within 3 min of capture (128 ± 36 sec, [X
Reed, 2005, but see Small et al., 2017). Additional blood samples were taken at 5, 15,
and 30 min post capture to assess HPA axis responsiveness. Between samples, birds were
placed in a cloth bag kept in the shade. Blood samples were stored on ice and transported
to the lab 3-4 hours several hours. The samples were centrifuged; plasma was then drawn
off and frozen until analysis.
Samples were assayed using the Cayman 500655 Corticosterone Enzyme-Linked
Immunosorbent Assay (ELISA; Cayman Chemicals, Ann Arbor, MI) following the
recommended protocol. All samples from a single year were assayed on the same day
with all samples from an individual run on the same plate. The baseline samples were
diluted 1:21 and the 5, 15, and 30 min samples were diluted 1:101 in EIA buffer prior to
assay. These dilutions were used to assure that binding values were within the linear
portion of the sigmoidal standard curve (i.e., between 15 and 65% bound). Internal
control standards of known CORT concentration were included on each plate (intra-assay
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CVs ≤ 3%; inter-assay CV < 5%).

2.4 Adult Behavioral Phenotype
During the 2015 pre-breeding season when individuals were between 1-3 years
old, we conducted neophobia tests to score all individuals on a “bold-to-timid”
continuum (Schoech et al., 2009; Bebus, 2016). The novel object, a plastic orange “X”
with 6 inch arms, was placed in an individual’s home territory and a high-definition
camera (JVC HD Everio, GZ-HM440) was placed ~5m away to monitor behavior at the
object. A small pile of chopped peanuts was placed around the center of the object, thus
the jays had to approach within the “arms” of the object to take a peanut. Florida scrubjays cache food and will continue to collect peanuts even after they are satiated. Markers
(i.e., small twigs) were placed at 30 and 60 cm from the center of the object. After the
object was set up, all jays in that home territory were whistled in (jays are trained to come
to researchers’ whistles) to the area of the object and small bits of peanuts were thrown in
the direction of the object. The researcher left the area of the object and the camera
recorded the behavior of the jays at the object for 50 min. Using video recordings, we
determined the latency to approach within 30 cm of the object and the time until each
individual jay took a peanut.

2.5 Statistical Analysis
2.5.1 Survival
We monitored the survival of individuals from day 11 to the next spring to
compare survival of nestlings from the CORT treatment nests to those in control nests
that were not involved in the nestling treatment study, and among the three different
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nestling treatments within a CORT treatment nests (CORT fed, vehicle fed, not fed). A
chi square analysis test was conducted to determine whether there were differences in
survival among and within groups.

2.5.2 Adult Stress Response
Baseline CORT was log transformed to meet assumptions of normality. To
determine stress responsiveness, we calculated the total CORT secreted during the 30
min period for a measure of both integrated CORT and corrected integrated CORT
(controlled for baseline; see Cockrem & Silverin, 2002). We show below the results from
corrected integrated CORT only, because the results were qualitatively the same for both
integrated and corrected integrated CORT. We did not include in the analysis stressinduced CORT for two CORT fed individuals and one vehicle fed individual as only
baseline samples were collected. We used linear mixed models (LMM) to compare
CORT responsiveness between different treatment groups (CORT fed, vehicle fed, not
fed). Natal nest was included as a random factor. In the case in which an overall
statistically significant effect of the model was found, Tukey HSD was used for post-hoc
comparisons.

2.5.3 Neophobic measures
We considered two measures of neophobia in our analysis (latency to enter within
30 m of object and time to take a peanut). Both variables were square root transformed
for normality. We first used a Pearson’s correlation to determine whether these two
measures were related to one another. We then used a LMM to compare the neophobic
behavior among treatments (CORT fed, vehicle fed, not fed) with natal nest as a random
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factor.

3.0 Results
3.1 Survival
A less than 50% survival rate from day 11 to adulthood is typical of FSJs
(Woolfenden & Fitzpatrick, 1984). This is exemplified in our study, with overwinter
survival for non-manipulated nests in the population (i.e., nests that were not part of the
CORT treatment study) of 33% compared to 25% for individuals from CORT-treated
nests (this includes CORT-treated and control siblings; χ 2203 = 1.816, P = 0.18). Within
treatment nests, overwinter survival was 29% for CORT fed birds, 24% for vehicle fed
nestlings, and 20% for not fed nestlings (χ296 = 0.583, P = 0.75).

3.2 Adult CORT response
Stress-induced CORT levels differed among treatments (Figure 1; F2,2.2 = 58.7, P
= 0.013). CORT fed nestlings had higher stress-induced CORT at 1 year-of-age than
vehicle fed (P = 0.022) and not fed individuals (P = 0.011). There was no difference
detected between stress-induced CORT levels of vehicle fed and not fed individuals (P =
0.981).
Baseline CORT at 1 year-of-age also differed among treatments (Figure 2; F2,2.9 =
384.35, P = 0.0003). CORT treated nestlings had lower baseline CORT than vehicle fed
(P = 0.0007) and not fed individuals (P = 0.0003). There was also a difference between
vehicle fed and not fed individuals (P = 0.05).
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Figure 1. Stress-induced CORT at 1 year-of-age for individuals from different
developmental treatment groups. Numbers at bottom of bars indicate sample size and
different letters represent significance at α = 0.05. Error bars indicate standard error.

Figure 2. Baseline CORT at 1 year-of-age for individuals from different developmental
treatment groups. Numbers at base of bars indicate sample size and different letters
represent significance at α = 0.05. Error bars indicate standard error.
89

3.3 Adult neophobia
The latency to approach within 30 cm of the novel object was strongly correlated
with the amount of time it took an individual to take a peanut from the pile surrounding
the object (P = 0.0003). Thus, we only used the time to approach within 30 cm in our
analysis with treatment. There was no significant difference among the three groups
(CORT fed, vehicle fed, not fed) in their latency to approach the object (data not shown;
F2,8.6 = 0.68, P = 0.53).

4.0 Discussion
During early stages of life, exposure to differential glucocorticoid levels, even
levels that are considered baseline, can impact development of the central nervous system
(Wada & Breuner, 2008; Schoech et al., 2011; Monaghan & Haussmann, 2015). Florida
scrub-jays that were exposed to twice daily doses of CORT for a 3.5 day period during
development exhibited higher stress-responsiveness, but lower baseline CORT levels
relative to untreated nest mates 1 year-of-age. These findings demonstrate that early
CORT exposure has lasting effects on the development of a free-living animal.
Individuals that are exposed to increased stress during development may develop
a phenotype that allows them to cope with a high stress environment. Likewise,
individuals that do not experience as much stress, may be prepared for an environment
with relatively few stressors (Sih, 2011). Our results indicate that early exposure to
increased circulating CORT levels results in an increase HPA axis responsiveness to a
stressor. Previous studies have found similar results in captive animals. For example,
captive zebra finches (Taeniopygia guttata) treated with CORT post-natally exhibited an
elevated peak CORT concentration at 60 days of age, relative to their control siblings
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(Spencer et al., 2009). Also, captive western scrub-jay (Aphelocoma californica)
nestlings that were nutritionally deprived, resulting in significantly elevated baseline
CORT levels, exhibited a trend (P = 0.07) towards a stronger stress response as adults
relative to individuals fed ad lib, but there was no difference in baseline CORT levels
(Pravosudov & Kitaysky, 2006). Additionally, a study in captive song sparrows
(Melospiza melodia) found that early exposure to CORT resulted in an elevated CORT
response to an adrenocorticotrophic hormone (ACTH) challenge at approximately 1 yearof-age; however, there were no differences between CORT-treated and control birds in
response to a restraint stressor (Schmidt et al., 2014). Our results in a free-living species
agree with the findings of these studies and further demonstrate that developmental
CORT exposure can have a lasting effect on the HPA axis.
Although baseline CORT levels were lower in CORT-treated individuals, stressinduced CORT levels were higher. We examined both integrated and corrected integrated
CORT; however, the inclusion or subtraction of baseline CORT did not make a
difference in the analysis. It remains possible that early life exposure to CORT results in
lower baseline CORT secretion for normal daily metabolic maintenance. It may be,
however, that once an individual encounters a challenge that results in a CORT response,
developmental CORT-mediated alterations of the negative feedback system or
glucocorticoid receptors result in increased circulating CORT levels. The mechanisms by
which early life experiences and CORT exposure alter the central nervous system are still
being investigated. Schmidt et al. (2014) suggest that early exposure to CORT has
permanent effects on ACTH receptors or alters sensitivity of the adrenal cortex to ACTH.
Further evidence suggests that early exposure to GCs results in DNA methylation of the
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glucocorticoid receptor genes, thereby decreasing the effectiveness of negative feedback
on the HPA axis (Zhang et al., 2013; Patchev et al., 2014).
Given previous evidence for long-term effects of developmental CORT exposure
on the behavioral phenotype in this and other species (reviewed in Schoech et al., 2011),
it was somewhat surprising that we found no relationship between nestling CORT
treatment and neophobia. For example, zebra finch nestlings exposed to a developmental
stressor were less neophobic than controls (Spencer & Verhulst, 2007). Similarly, in
Florida scrub-jays, Schoech et al. (2009) found that nestling baseline levels predicted
responses of 10-month-old jays in a battery of tests to assess timidity-to-boldness. We’ve
also found that the neophobic response seems to reflect a behavioral phenotype as it is
highly repeatable within our population of Florida scrub-jays (Bebus, 2016). Our failure
to find an effect of nestling CORT treatment on neophobic behavior may be a result of
our relatively small sample sizes among the groups; alternatively, the dose used or the
duration of the treatment may have been insufficient to elicit the CNS modification
necessary to impact neophobia. It remains possible that other behavioral traits that we did
not measure in this study, such as parental care, cognition, or social dominance were
influenced by early CORT exposure.
The circulating CORT levels achieved following CORT administration were
within the physiological range previously found in nestling Florida scrub-jays (see
Elderbrock et al., in review for treatment efficacy details). Further, overwinter survival
rates did not differ within treatment nests, nor did survival to adulthood differ from nonmanipulated broods in the population. Thus, we believe that our protocol successfully
represented the varying environment an individual might experience in the nest due to
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changes in parental behavior, increased sibling competition, or extreme weather
conditions. Our findings indicate that long-term survival of jays was not impacted by any
aspects of CORT treatment, including exogenous CORT treatment, nest visitation, or
handling and feeding of nestlings.
In conclusion, our findings demonstrate that early exposure to exogenous CORT
altered an individual’s adult physiological phenotype. Nestling that were CORT treated
had lower baseline CORT levels and a greater CORT response than their siblings when
trapped and exposed to a standard capture and restraint test at 1 year-of-age. In this
population, Florida scrub-jay longevity is related to the adult physiological phenotype,
but the direction of these relationships differs by sex (Small & Schoech, 2016). Females
with higher stress-responsiveness have longer live spans than lower responsive females,
whereas the opposite is the case for males. Thus, advancing our knowledge of the links
between early experience and the formation of behavioral phenotypes is of importance,
especially for relocation and conservation efforts for the FSJ and other federally
threatened species.
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CHAPTER 6: CONCLUSION
Characterizing the connection between corticosterone (CORT) and development and
its long-term effects on phenotypes will increase our overall understanding of how an animal

responds to and is impacted by its environment. Further, increased understanding of the
early effects of glucocorticoid exposure may facilitate conservation efforts, including
knowing which phenotype may be best suited for translocation into a novel location or
habitat (Watters & Meehan, 2007). In my dissertation work, I aimed to identify how early

environment contributes to the development of the adult phenotype in Florida scrub-jays.
In Chapter 2, a subset of nestlings was treated with exogenous CORT to
investigate whether early CORT exposure altered begging behavior relative to nontreated siblings. In contrast to my predictions, I found that there was no difference in the
behavior of siblings; however, post-hoc analysis revealed that all siblings within a nest
containing a CORT-treated individual altered their begging. The CORT treatment or
some aspect of the protocol increased begging rate in all siblings, regardless of whether
they received CORT, in relation to nestlings that did not have a CORT-treated sibling.
This result suggests that sibling competition obscured within-nest effects due to CORT
treatment, and cautions researchers to consider such influences in their data.
In Chapter 3, I monitored the provisioning rate to nestlings in the hour prior to
blood samples being taken to determine CORT levels. Based on the assumptions of
nutritional deficiency resulting in increased CORT secretion in an attempt to increase
begging behavior, I expected that individuals more recently fed would have lower CORT,
while those less recently fed would have higher CORT levels. Paradoxically, I found the
opposite results. Individuals that were more recently fed, as well as more frequently fed
throughout the observation period, had higher CORT relative to other individuals. This
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result brings in to question former assumptions regarding the relationship between adult
provisioning and nestling CORT levels.
In Chapter 4, I investigated whether there was a relationship between nestling
begging behavior, growth, and adult stress responsiveness. I found that nestling begging
rate predicted adult CORT levels, however the direction of the relationship changed over
the nestling period. There was a negative relationship between begging levels on days 5
and 8 post-hatch and future adult CORT levels, but the relationship was positive between
begging rate on day 13 and adult CORT levels. Further, those individuals with greater
growth rates from days 5-11 post-hatch had higher adult stress responsiveness. This study
identifies a relationship between nestling behavior and growth and future CORT
phenotype.
In Chapter 5, I tracked the individuals treated in Chapter 2 into adulthood to
determine whether early exposure to exogenous CORT had long-term effects. When
individuals were one year-of-age, I trapped all surviving individuals and their siblings to
determine their CORT responsiveness. I also exposed individuals to a novel object to
determine their neophobia score (bold-to-timid scale). I determined that CORT-treated
nestlings had lower baseline, but higher CORT responsiveness at one year-of-age,
demonstrating long-term effects of CORT treatment. However, there was no effect on
this measure of neophobia.
Together this work demonstrates that nestling Florida scrub-jays respond both
behaviorally and physiologically to changes in their environment and that these responses
have long-term effects on their physiology. This research leads to many interesting
questions about how parents influence their offspring’s development, and whether by
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altering their provisioning rate they may alter the long-term phenotype of their young.
Necessary future work on these topics include cross-fostering studies to tease apart the
relative contributions of genetics versus environment and to better understand how
parents contribute to the development of young.
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